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"The cooling of a hot body exposed to the air is effected 
partly by radiation, and partly by conduction from the 
surface of the body to the air in contact with it. The 
activity of surface conduction is greatly quickened by wind, 
which continually brings fresh portions of cold air into 
contact with the surface, in place of those which have been 
heated". 
- Deschanel's Natural Philosophy 
1888 
SUMMARY 
This study is concerned with the convective heat transfer, 
due to the action of the wind, from the upper surface of roof 
mounted flat plate solar collectors. The ability to predict the 
quantity of heat transferred from a collector, in this manner, is 
necessary in order to facilitate the evaluation of the overall 
efficiency of a collector panel. 
Previous methods of determining this convection coefficient 
have generally relied upon extrapolations of small scale wind 
tunnel results to full-scale values. The validity of these 
methods is questionable, and it was found that there was a lack of 
full-scale data relating to the convection coefficient from the 
upper surface of a flat-plate collector. It was also found that 
no systematic attempt to relate model results to full-scale values 
had been made. 
Full-scale experiments have been performed to evaluate the 
convective heat transfer coefficient, h, from the upper surface of 
a roof mounted flat plate. The convection coefficient was found 
to be dependent upon the wind speed as measured above the roof 
ridge line, V 6R , and to some extent upon the direction of the 
prevailing wind, G. Relationships between h and V 6R are presented, 
as are relationships between h and VH (the wind speed measured at 
the mid-panel height) and h and V 10 (the meteorological 10m wind 
speed). 
Small scale wind tunnel experiments were also performed. 
This was in order to assess the potential of using wind tunnel 
model results to predict accurately full-scale convective heat 
losses. These experiments showed some qualitative agreement with 
the full-scale tests. However, extrapolation of these model 
results to full-scale values rendered heat transfer coefficients 
in excess of those found in the full-scale work. Therefore the 
use of previously derived full-scale results from wind tunnel 
studies must be treated with caution. It is suggested that the 
full-scale results, presented here, represent a more satisfactory 
means of evaluating the convective heat transfer from the upper 
surface of roof mounted flat plate solar collectors. 
ACKNOWLEDGEMENTS 
A thesis such as this could never be completed without the 
help and understanding of many people. I should like, first and 
foremost, to thank my supervisor Dr. Stephen Sharples for his 
invaluable help and advice during my time spent in the Department 
of Building Science. 
The technical staff of the department suffered my, often 
capricious, requests for materials, models and site visits, etc. 
with humerous stoicism. I am therefore deeply indepted to Messrs. 
Roy Webster, Peter Williams, Lol Wildgoose and Roger Grace not 
only for their technical ability but also for making the 
department a pleasant place to spend one's time. 
I also owe great thanks to Hazel Hall for turning my rather 
untidy original drafts of this thesis into a final form of 
excellent quality. 
The SERC provided the funding for this research and I am 
grateful for its support. 
Finally I should like to thank the Crewe crew for putting up 
with my ever changing moods especially in the writing up stage of 
the research. 
CONTENTS 
INTRODUCTION 
Section Page 
1.1 Domestic Energy Consumption within the 
United Kingdom - The Importance of Hot 
Water Supplies. 1 
1.2 The Heating of Domestic Hot Water 
Supplies using Solar Energy. 3 
1.3 The Efficiency Factor of Flat-Plate 
Solar Collectors. 6 
1.4 The Overall Heat Loss Coefficient of 
Flat-Plate Solar Collectors. 
1.5 The Effect of the Convective Heat 
Transfer Coefficient (due to the wind) 
from the Upper Surface of a Flat-Plate 
Solar Collector, on its Efficiency. 12 
1.6 The Objectives of this Current Study. 14 
Figures for Chapter One. 16 
CHAPTER TWO 
FUNDAMENTAL CONVECTIVE HEAT TRANSFER 
Section Page 
2.1 Convective Heat Transfer Regimes. 20 
2.2 The Convective Heat Transfer Coefficient. 22 
2.3 Natural Convection. 24 
2.4 The Boundary Layer. 27 
2.5 Laminar Forced Convective Heat 
Transfer from a Flat-Plate. 30 
2.6 Turbulent Forced Convective Heat 
Transfer from a Flat Plate. 32 
2.7 Application of the Fundamental Forced 
Convective Heat Transfer Equations. 36 
Figures for Chapter Two. 40 
CHAPTER THREE 
REVIEW OF EXPERIMENTAL ANALYSIS OF 
FORCED CONVECTIVE HEAT TRANSFER 
Section Page 
3.1 Forced Convective Heat Transfer from 
a Flat-Plate in Parallel Flow. 47 
3.2 Forced Convective Heat Transfer 
from a Flat Plate in Non-Parallel Flow. 60 
3.3 Measurement of Convective Heat Transfer 
from Flat-Plates via the Mass Transfer 
Analogy. 66 
3.4 Convective Heat Transfer from a 
Rectangular Body Submerged in a Two 
Dimensional Flow. 83 
3.5 The Influence of Turbulence on 
Heat Transfer from a Flat Plate. 89 
3.6 Heat Transfer Experiments on Three 
Dimensional Bodies in a Simulated 
Natural Environment. 92 
3.7 Full Scale Measurements of Forced 
Convective Heat Transfer from Buildings. 108 
3.8 The Use of Experimentally Derived 
Convective Heat Transfer Relationships 
for Predicting the Convective Heat Loss 
from the Upper Surface of Flat Plate 
Solar Collectors. 126 
Figures for Chapter Three. 132 
References. 149 
VOLUME TWO 
CHAPTER FOUR 
EXPERIMENTAL DETAILS OF THE FULL-SCALE MEASUREMENTS 
OF THE CONVECTIVE HEAT TRANSFER FROM A LARGE FLAT PLATE 
IN THE NATURAL ENVIRONMENT 
Section Page 
4.1 The Choice, Location and Description of 
the Site Employed for the Full-Scale 
Convective Heat Transfer Measurements. 160 
4.2 The Choice of the Method to be Employed 
to Evaluate the Convective Heat Transfer 
from a Large Flat Plate in the Natural 
Environment. 165 
4.3 A Descriptiop of the Electrically 
Heated Flat Plate used to Perform 
the Full-Scale Convective Heat 
Transfer Measurements. 170 
4.4 The Installation of the Heated Plate 
on the Test Building Roof. 177 
4.5 The Measurement of the Environmental 
Parameters required to Evaluate the 
Convective Heat Transfer from the Full- 
Scale Heated Plate. 178 
4.6 The Method Employed for Recording 
the Data obtained from the Full- 
Scale Convective Heat Transfer 
Measurements. 188 
4.7 The Experimental Procedure Employed 
in the Full-Scale Convective Heat 
Transfer Measurements. 189 
Figures for Chapter Four. 192 
CHAPTER FIVE 
EXPERIMENTAL RESULTS OF THE FULL-SCALE MEASUREMENTS 
OF FORCED CONVECTIVE HEAT TRANSFER AT THE NORTON SITE 
Section Page 
5.1 The Analysis of the Data Obtained from 
the Full-Scale Convective Heat Transfer 
Experiments. 205 
5.2 Relationships between the Convective- 
Heat Transfer Coefficient and the 
Wind Speed as Measured over the Roof, V 6R* 213 
5.3 The Effect of Wind Direction on the 
Convective Heat Transfer Coefficient. 232 
5.4 Relationships Involving the 10m 
Meteorological Wind Speed, V 10* 238 
5.5 The Relationship between V 6R and 
the Free Stream Wind Speed Measured 
at the same Height above Open Ground, V 6' 243 
5.6 Relationships Involving the Free-Stream 
Wind Speed as Measured at the Mid-Plate 
Height, V H* 
244 
5.7 Relationships Involving the Radiative 
Heat Transfer Coefficient, h 
r* 
246 
Figures for Chapter Five. 257 
CHAPTER SIX 
DETAILS OF THE WIND TUNNEL 
MODEL EXPERIMENTS 
Section Page 
6.1 A General Description of the Wind Tunnel 
used for the Model Convective Heat 
Transfer Experiments. 287 
6.2 A Description of the Method used 
to Create a Simulated Atmospheric 
Boundary Layer in the Wind Tunnel. 288 
6.3 The Characteristics of the Simulated 
Atmospheric Boundary Layer. 290 
6.4 The Development of a Linear Scaling 
Factor to be used for the Model 
Convective Heat Transfer Measurement. 293 
6.5 A Description of the Model Building 
used for the Wind Tunnel Convective 
Heat Transfer Experiments. 301 
6.6 The Heated Plates used in the Model 
Convective Heat Transfer Experiments. 303 
6.7 The Evaluation of the Radiative Gain 
at the Model Plate Surface. 310 
6.8 Other Instrumentation used in the Model 
Convective Heat Transfer Study. 311 
6.9 Experimental Procedure for the Model 
Convective Heat Transfer Study. 315 
Figures for Chapter Six. 319 
CHAPTER SEVEN 
RESULTS OF WIND TUNNEL MODEL EXPERIMENTS 
Section Page 
7.1 Fundamental Results Obtained from the 
Wind Tunnel Experiments. 328 
7.2 Comparison of the Wind Tunnel Model 
Study with the Full-Scale Site 
Measurements. 341 
7.3 Comparison of Current Study with 
Previous Wind Tunnel Experiments. 352 
Figures for Chapter Seven. 367 
CHAPTER EIGHT 
rnhlrt IMTONI 
Section Page 
8.1 General Remarks. 384 
8.2 The Development of Algorithms for Calculating 
the Convection Coefficient, h, from the Upper 
Surface of a Roof Mounted Flat-Plate Solar 
Collector. 387 
8.3 Recommendations for Further Areas of Research. 392 
8.4 Concluding Remarks. 394 
Figures for Chapter Eight. 396 
Appendix A. 397 
References. 402 
CHAPTER FOUR 
EXPERIMENTAL DETAILS OF THE FULL SCALE MEASUREMENT 
OF THE CONVECTIVE HEAT TRANSFER FROM A LARGE FLAT PLATE 
IN THE NATURAL ENVIRONMENT 
Introduction 
Previous chapters have reviewed theoretical and 
experimental convective heat transfer from flat plates and 
geometries more directly related to flat plate solar collectors. 
It was concluded that there was a lack of full scale convective 
heat transfer data for large flat plates in the outdoor 
environment. Therefore a series of experimental measurements of 
this type were undertaken. 
Full scale measurements of convective heat transfer in the 
natural environment pose many problems which are not encountered 
in a controlled laboratory situation. This chapter discusses 
these problem areas, and describes the development of an 
experimental test apparatus and technique designed to overcome 
them. 
1 
4.1 The Choice, Location and Description of the Site Employed. 
for the Full Scale Convective Heat Transfer Measurements 
The first problem encountered in performing full-scale 
measurements was of locating a suitable site at which the 
experimental work could be carried out. This section discusses 
the methodology employed in the choice of such a site and 
describes the relevant characteristics of the site used for the 
full-scale measurements. 
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4.1.1 A discussion of the factors governing the choice of a 
site for the performance of the full-scale heat transfer 
measurements 
In order to assess the suitability of any potential 
full-scale site, four criteria were to be applied. These 
critera, in order of importance, are presented below. 
W Building Geometry 
This study is primarily concerned with heat loss from flat 
plate solar collectors placed on the roofs of low rise 
dwellings. It is, therefore, desirable to obtain a site which 
offers a building of geometry and size compatible with those of 
standard housing stock. 
(ii) Surrounding terrain 
The terrain should be reasonably uniform in all directions 
around the site, with no large buildings nearby. If the terrain 
were not uniform then the wind velocity profile would become 
directional dependent, thus making the comparison of data 
obtained from different wind directions difficult. Large 
structures in close proximity to the test building would distort 
the local wind flow over the test site. This would make the 
results of any experiments less applicable to other, otherwise 
geometrically similar, situations. 
(iii) Accessibility and occupancy 
The site should be at such a distance from the University 
so as not to make the transportation of equipment and personnel 
too time consuming. The site building itself should be 
accessible at all times including nights and weekends. This 
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would facilitate the utilisation of continuous data collection 
over prolonged periods. Occupancy patterns within the building 
should be such that they would suffer minimum disruption by the 
installation and running of a full-scale test rig. 
Uv) Structural considerations 
Some minor structural alterations to the site building may 
be required in order to facilitate the installation of the test 
rig. Hence the building should be of such a shape and size that 
this installation could be carried out easily and safely, with a 
minimum amount of damage to the building concerned. 
It can be imagined that the location of a site to fulfil 
all of the criteria would not be without difficulty. Specific 
conflicts can be found, even within the criteria themselves. 
Sheffield is a big city and the probability of a site near 
to the University being free from the influence of large 
buildings is minimal. The ideal site to satisfy criterion (i) 
would be an actual low rise dwelling e. g. A semi detached house. 
This would cause problems with occupancy patterns, structural 
alterations and the safety of installation of equipment on the 
roof. 
With these points in mind it was realised from the start 
that the location of an ideal site would prove difficult and 
that concessions in each of the above four categories might have 
to be made. 
4.1.2 The location of a site suitable for the perfomance 
of the full-scale convective heat transfer measurements 
As a first approach to the problem the University Estates 
and Buildings office was consulted. This was in order to 
ascertain whether the University owned any property which would 
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fulfil the requirements stated in Section 4.1.1. This approach 
was made because it was felt that if the site was University 
owned then the problems of accessibility and occupancy would be 
minimised. 
Four sites were offered. three within the urban area of 
Sheffield, the fourth some three miles from the city centre. 
Despite their closeness to the University the first three 
sites were rejected. Each for essentially similar reasons. 
They were all very large detached buildings with unusual roof 
shapes. This would pose problems with the installation of 
equipment on the roof and of local flow conditions around the 
structure. All three were occupied, two being used as offices 
by departments within the University. It was thought that this 
may have presented problems with accessibility and occupancy 
patterns. Finally, whilst the surrounding terrain of the urban 
sites was fairly uniform, they would not be entirely free from 
wind conditions influenced by the presence of large nearby 
structures of the type usually found in urban city areas. 
The fourth site was examined and despite its distance from 
the University was accepted and finally used for the full-scale 
convective heat transfer measurements. 
4.1.3 A description of the site used for the performance 
of the full-scale convective heat transfer 
measurements 
The building used for the full-scale heat transfer 
measurements was a large double fronted garage, situated on the 
University sports playing fields at Norton, some 3 miles S-SE of 
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the University. It has dimensions, in plan, of 9.60 x 5.03m, 
with its long axis running roughly East-West. The garage is 
4.59m high at the ridge with a roof pitch of 350 (see Figure 
4.1). 
It is a gable ended structure, thus replicating, despite 
its size, normal low-rise dwelling geometry. The Building 
Research Establishment, Garston, UK, use, for their full-scale 
low rise building wind loading research programme, a semi- 
detached house of plan dimensions 13.3 x 7.0m. This house can 
be fitted with roofs of various pitch; with the 35* pitch roof 
it has a ridge height of 7.3m. Thus the garage site at Norton 
has linear dimensions approximately 0.7 times those of the 
standard house used by the Building Research Establishment. 
The terrain surrounding the building is reasonably uniform 
and flat. Four views, looking approximately North, South, East 
and West of the garage, are shown in Figures 4.2,4.3,4.4 and 
4.5 respectively. From these views it can be seen that South of 
the building is a long stretch of open grass land with a fetch 
length approximately 250m. To the North there is some housing 
stock but the ground slopes away behind the row of buildings 
shown. There are no major obstructions and the roofs of the 
houses nearest the garage are level with its base. To the West 
there is a gravel car park 50m in length and then some houses. 
The Eastern quadrant is also fairly clear from obstructions save 
for a small garage situated 3m away from the test site building. 
This small garage is approximately 3m high. 
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As to accessibility and occupancy patterns, these again 
provided no real problems. The site could be reached, by van, 
from the University within 20 minutes and the Estates and 
Buildings Office furnished the author with keys for both the 
main gate to the playing field site and to the garage itself. 
The building is only normally used for the storage and 
repair of the playing field groundsman's equipment. Hence there 
was no real disturbance of the occupants by the installation of 
the test-rig or the retrieval of data. 
Minor structural alterations to the building could be 
carried out, with the approval and supervision of the University 
Estates and Buildings Office. 
Thus, this site and building, whilst not ideal - the main 
discrepancy being in building size, was felt to satisfy ade- 
quately the four criteria stated in Section 4.1.1 for it to be 
used for the full-scale convective heat transfer measurements. 
4.2 The Choice of the Method to be Employed to Evaluate the 
Convective Heat Transfer from a Large Flat Plate in the 
Natural Environment 
From a consideration of the work reported in Chapter Three 
of this thesis it can be seen that four main methods have been 
employed for the determination of the convective heat transfer 
coefficient from a flat plate. These are: 
(i) Steady state energy balance on a heated plate e. g. 
Parmelee and Huebscher (19471. 
(ii) Single plate and heat meter e. g. Rowley (19321. 
(iii) Dual plate and heat meters e. g. Ito et al [1972]. 
Uv) Mass transfer analogy e. g. Sparrow (19711. 
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The most predominant method for evaluating the heat 
transfer coefficient from a flat plate is that of applying an 
energy balance equation to a heated element. However, with the 
exception of Sturrock [19711 and Test (19811 measurements 
performed in the natural environment have utilised a two plate 
and heat meter system, as descibed in Section 3.7. 
In order to assess the potential of the four systems shown 
above it is necessary to restate the objectives of this series 
of experiments. These are to evaluateunder a variety of wind 
speeds and directionst the average convective heat transfer 
coefficient from the upper surface of a flat plate solar 
collector in the natural environment. 
In order to reduce the effects of surface length, 
temperature difference and surface roughness to a minimum, it 
was decided to evaluate the convective heat transfer coefficient 
from a smooth flat plate with dimensions similar to typical 
solar collectors, i. e. 1x 2m. Also temperature differences 
between the plate and the ambient air of the order of 10-50 K 
were to be maintained. Once again these temperature differences 
are typical of actual flat plate collectors. 
The governing factor in the choice of the system to be 
used for the measurements uses the large size of the plate. 
The mass transfer method was eliminated immediately, not 
only for the difficulty in producing such a large flat surface 
of the required medium, but also because this method would 
require the installation, removal and weighing of the plate many 
times. This was thought to be impractical. 
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A heat meter system. especially a dual plate method seems, 
at first sight, to offer the optimum solution. By careful use, 
the two plate system elimates the need to measure the solar 
irradiance and long wave radiation incident on the plate (see 
Section 3.7). 
However, in order to make accuýate measurements of the 
heat transfer coefficient, using this system, it is required 
that the two adjacent plates be kept at slightly different 
uniform temperatures, approximately a 5K difference for the 
plate temperature ranges under consideration here. This is not 
a realistic representation of the temperature profile of the 
upper surface of a flat plate solar collector, and uniform 
temperatures over a plate this large would be difficult to 
maintain. Sharples [1981] describes the manufacture of a heat 
meter plate 0.25 x 0.25M in area and states that "the 
construction took several weeks as the process was slow and 
susceptible to breakages". If the overall convection 
coefficient of the plate was to be evaluated then this would 
require two heat meters some 6 times this area. These points, 
made above, led to a rejection of the use of a heat meter system 
for the situation under consideration here. 
The use of the remaining method, i. e. an energy balance on 
an electrically heated plate, is not without its difficulties. 
Consider the steady-state energy balance equation for a plate 
electrically heated from behind, its upper surface exposed to 
the natural environment: 
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e+ 
(II + ER L= eaT s4+q con + 
h(T 
s-TA) 
where qe= electrical heat input Wm_ 
2 
a= combined solar absorptance of plate for direct 
and diffuse short wave radiation 
I= total solar irradiance incident upon the 
plate Wm-2 
E= long wave emittance of plate 
RL= total long-wave irradiance incident upon the 
plate, Wm -2 
Cr = Stefan Boltzman constant = 5.6697 x 10-8 
Wm-2K-4 
Ts= plate surface temperature K 
q con = 
heat losses via conduction WM-2 
Wm-2 h= convective heat transfer coefficient K 
TA= ambient temperature of surrounding air, K 
Equation 4.1 can be re-arranged to give 
h 
qe+aI+cRL- CUT 
s4-q con WM-2 K- 1 (4.2) 
(T 
s- 
The main problem here is the variability of the incident 
solar irradiance I. The total solar irradiance incident on a 
surface consists of two parts, direct and diffuse. The direct 
solar radiation is the solar radiation flux, associated with the 
direct solar beam, from the direction of the sun's disk. 
Diffuse radiation reaches the surface from the rest of the whole 
sky hemisphere, from which it has been scattered in passing 
through the atmosphere. 
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Due to the variation of the earth's position relative to 
the sun and the daily rotation of the globe the value of I is 
highly variable, both annually and diurnally. The problem of the 
variabiity of solar irradiance is further exacerbated by cloud 
cover. A suitably placed large cumulus cloud may reflect the 
direct component of the solar irradiance thus increasing the 
intensity of the radiation incident on the earth's surface. As 
clouds are continually in motion, this increase in intensity 
will only usually persist, at a particular point on the globe, 
for a few minutes. Normally, the total solar radiation received 
on a surface, averaged over a period of time, will be less when 
there is cloud cover than when there is not. 
Loudon [1965] in conjunction with Lumb [19641 proposed a 
simple multiplying factor to be applied to the total solar 
irradiance incident on a surface, for different cloud 
conditions. These range from 1.0 for a virtually clear sky 
through 0.7 for thin layers of medium cloud and 0.35 for thick 
layers of medium cloud to 0.17 for a very overcast sky. It must 
be noted that several categories of cloud cover may occur each 
day. 
This variation of I may give rise to small but rapid 
changes in the temperature of a surface, especially one of low 
thermal capacitance such as a metal plate - which is likely to 
be used for heat transfer measurements. 
One method by which this problem could be eradicated would 
be to follow the example of Ito et al 119721 who made 
measurements only at night. Sharples (1.9811 points out, 
however, that for large buildings the thermal regime existing 
around the building would be different during the day time than 
at night. 
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As solar collectors are designed specifically for 
operation during daylight hours and on average the mean wind 
speed is higher in the day than the night, (Lacy (19771) it was 
felt that to make only night time measurements would be 
inadequate. 
Because of these non-steady state conditions the only 
solution therefore available is to average data over a given 
period in order to minimise the effect of these time wise 
variations. Hence, with these possible limitations in mind, it 
was decided to utilise the method of applying an energy balance 
equation to an electrically heated flat plate. 
4.3 A Description of the Electrically Heated Flat Plate 
used to Perform the Full-Scale Convective Heat Transfer 
Measurements 
The plate was, essentially, a sandwich type construction 
held together by a wooden frame. An exploded view of the plate, 
showing its various components is given in Figure 4.6. Each 
constructional element is discussed in turn, below. 
4.3.1 The exposed aluminium plate 
Exposed to the environment was a 2mm thick aluminium plate 
of dimensions 0.92 x 1.83m. It can be seen from Figure 4.6 that 
the wooden weather sealing frame overhangs the plate by 10mm, 
thus giving it an exposed area of 0.89 x 1.81m. This was the 
plate area used in the caluclation of the heat transfer 
coefficient. Set into the plate, at centres of equal areas, were 
nine T-type (copper/copper nickel) thermocouples, each with a 
bead diameter of 0-5mm. They were positioned so as the centre 
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of the bead corresponded to the centre of the thickness of the 
plate. The thermocouples were held in position with epoxy 
resin, which was also used to smooth over the surface after the 
thermocouples were implanted. 
The decision to embed the thermocouples in the plate 
itself and not stick them on the surface a method used by some 
experimenters e. g. Rowley [1930 (a)], was made after 
consideration of the following two points. 
If the thermocouples were to be stuck to the surface of 
the plate they would be more exposed to natural weather 
conditions, such as rain, heavy winds or snow. This would 
render them more susceptible to breakage and hence replacement. 
Once the plate was installed on the building roof this 
replacement would be very tedious. 
Rowley's main reason for fixing thermocouples to the 
surface and not to embed them within it was that a thermocouple 
thus placed would be measuring the body temperature of the 
material and not that of its surface. A consideration of 
Fourier's law of conduction, equation 2.2 shows 
AT = qAx 
(4.3) 
k 
where AT = The temperature difference across the plate K 
q= The heat flow W 
Ax = The plate thickness m 
k= Thermal conductivity Wm- 
1 K- 1 
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Thus if the temperature gradient AT within the plate is 
large then the above effect will be significant. In Rowleyls 
case the ratio Ax/k was of the order of 0.01; in this current 
series of experiments it is of the order of 0.00001. Thus the 
positioning of the thermocouples in the body of the material is 
justified as a power of one hundred thousand watts per square 
metre would be required to produce a temperature difference, 
across the plate surfaces of 1 K. As will be seen later the 
actual power levels used were of the order of a thousand times 
less than this value. 
All the thermocouple leads were led out under the 
aluminium sheet and through a groove in the frame to a weather 
proofed connection box on the outside of the plate frame. 
The exposed surface of the plate was sprayed several times 
- to give an even coating - with matt black paint. This paint 
had known values for its solar absorptance ap and long wave 
emittance Ep of 0.97 and 0.90 respectively. These figures were 
supplied by Dr. Michael Hutchins of University College, Cardiff. 
During the course of the full scale experiments the upper 
surface of the plate was frequently examined and if any flaking 
or blistering of the paint had occurred it was resprayed. 
4.3.2 The heating element 
Beneath the aluminium plate was the heating element. This 
element was constructed from a commercially available radiant 
ceiling heating system called "Flexel", it is manufactured by 
Thermaflex Limited, Scotland. 
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Flexel is a thin, flexible sheet of glass cloth which has 
been impregnated with a conducting P. T. F. E. dispersion. Copper 
strip electrodes are stitched along each of the long edges of 
the sheet, and electrical insulating film is laminated to each 
face. The total thickness of the heater is about 2mm. 
A potential difference applied across the electrodes 
produces uniform resistive heating over the sýeet. Temperatures 
of 393 K may be safely maintained, although the suggested normal 
operating temperature for domestic heating is 323 K. The area 
of sheet required was of non standard size and the author is 
grateful to Mr. R. M. Adams of Thermaflex for manufacturing a 
unit of the required dimensions. The power leads to the plate 
were led, via the connecting box on the side of the plate, into 
the building and to a specially designed power supply. 
This supply consisted, of a solid state, phase controlled 
a. c. power regulator (this was supplied by Radio Spares Ltd., 
Serial number 308-584). A schematic circuit diagram of this 
device is shown in Figure 4.7. In this case the load resistance 
is provided by the Flexel sheet and the control resistance by 10 
series connected 240 ohm standard resistors. Using this device 
it was possible to supply power to the plate at nine discrete 
levels. 
It can be seen from equation 4.2 that the value of the 
electrical power input to the plate is required for the 
calculation of the convective heat transfer coefficient. The 
evaluation of the 9 power levels available to heat the plate was 
performed in a laboratory situation using an a. c. watt meter. 
The initial experiments consisted of the testing of the plate 
under still air conditions. 
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It can be seen from Figure 4.7 that if the control 
resistance is kept constant then the power supplied to the load 
will be dependent on the value of the load resistance R load' No 
information on the value of the resistance of the Flexel sheet 
was available, however, the resistance of most conductors 
increase slightly with temperature. 
The temperature of the aluminium plate, for a given 
nominal electrical power input, is likely to vary with time in 
the natural environment. This is due to the variability of the 
other energy inputs to the plate e. g. solar radiation and the 
forces acting to remove energy from its surface i. e. the wind. 
It was felt that these temperature changes, on the upper surface 
of the plate, may effect the temperature of the Flexel sheet and 
hence alter its resistance. 
A second series of experiments were carried out using a 
large, variable speed fan to induce various temperature levels 
on the aluminium plate surface. Mean plate temperatures in the 
range 293-323 K were produced and it was found that the various 
power levels produced were constant within the accuracy of 
reading the watt meter. This indicates that either, the Flexel 
sheet has a low temperature coefficient of resistance or that 
its temperature is insensitive to the temperature of the 
aluminium plate. Either way, this implies that the power levels 
as presented in Table 4.1, in terms of Wm- 
2 
are adequate for the 
full range of environmental conditions encountered. 
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Table 4.1 Available Plate Power Levels Expressed in Wrý-2 
Power 
Level 
Power Supplied to Plate 
Wm-2 
1 165 
2 380 
3 625 
4 928 
5 1225 
6 1523 
7 1785 
8 2020 
9 2220 
4.3.3 The thermal insulation and plate frame 
Despite the layer of bright aluminium foil placed behind 
the Flexel to reflect heat back in the direction of the exposed 
plate, back loss via conduction could not be eliminated 
completely. 
To reduce this loss to a minimum two sheets, each 50mm 
thick, of expanded polystyrene foam were installed beneath the 
reflective aluminium foil. This foam (supplied by Sheffield 
Insulations Limited) has a stated maximum operating temperature 
of 353 K and a thermal conductivity of 0.037 Wm- K- 
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In order to determine the heat lost by conduction, the 
temperature difference across the top sheet of foam was measured 
using five pairs of thermocouples. These thermocouples were of 
a similar type and installed in a similar manner to those 
described in Section 4.3.1. Four of the five pairs were 
positioned at the centre of equal quadrants of the foam surface, 
the remaining pair at the centre of the foam surface. Their 
leads were led away to the connecting box outside the plate. 
The whole plate was held rigid and compressed very 
slightly, in order to afford good thermal contact between the 
various elements, by a 50mm wide softwood frame with a 10mm 
hardwood lip. The join between the aluminium plate and the 
overhanging lip was sealed using weather resistant silicon 
rubber. This was in order to prevent rain penetrating into the 
body of the plate. The area of the whole construction including 
the frame was 1.02 x 1.93m. 
4.3.4 The connecting box 
The connecting box on the side of the plate has already 
been mentioned. This box had dimensions of 10 x 10 x 350mm. and 
was attached to one of the long edges of the plate frame, 
slightly off centre. Data signals were to be recorded at some 
distance away from the plate itself i. e. in the building. 
Connection of the cables leading into the building were made 
using the connecting box after the plate had been installed on 
the roof. This allowed the installation of the plate to be 
carried out free from the incumbrance of long lengths of 
trailing cables. 
- 176 - 
4.4 The Installation of the Heated Plate on the Test Building 
Roof 
Two main methods of mounting the plate on the roof were 
discussed. The first involved removing tiles from the roof and 
bolting the plate to the roof joists. This method is usually 
employed for actual solar collectors (e. g. see Wozniak (19791). 
After consultation with the University Estates and Buildings 
Office, this method was rejected. It was felt that this method 
would lead to too much structural damage of the building and, as 
the plate was to be removed after the experiments, that 
re-weather proofing the roof would be difficult. 
The plate was eventually mounted on the south facing roof, 
with its long axis running parallel to the ridge line, by 
clamping it to a scaffolding frame. Figure 4.8 shows an overall 
view of the garage with the plate in position and Figure 4.9 
illustrates the plate and its mountings on the roof. The plates 
left hand edge is 3.42m from the left hand gable end and its 
bottom edge is 0.82mup the roof slope from the gutter line. 
From Figure 4.9 it can be seen that the plate is clamped 
to two lengths of scaffolding on its long edges. This 
scaffolding is in turn clamped to two other lengths running up 
the roof pitch. Wooden beams were placed under this scaffolding 
spreading out the load of the plate across the roof span, thus 
preventing damage to the tiles. 
- 177 - 
Because the plate was not attached directly to the roof, 
it was necessary to counter balance its weight with two lengths 
of scaffolding running down the opposing roof pitch. These were 
clamped at the ridge line and can be just seen in Figure 4.9. 
Positioned in this manner the plate sat proud of the roof with a 
gap of some 200mm between its back and the tiles. This is not 
usually the case with actual collectors, so a valance made of 
3mm ply-wood was attached to the edges of the plate. The 
distance between the top aluminium sheet and the roof tiles was 
0.33m, thus giving the plate an aspect ratio of between 1: 3 and 
1: 6 depending upon the direction of the wind. 
With the plate in this position connections for the 19 
thermocouples and the power leads to the "Flexel" sheet were 
made at the connecting box. The thermocouples were connected 
using standard miniature connectors, supplied by Comark 
Electronics Limited, to a multi-core thermocouple cable. This 
was fed into the building, by removing one of the ridge tiles, 
to a data logging system. 
The "Flexel" power leads were led in a similar manner to 
the power supply and control unit as described in Section 4.3.2. 
4.5 The Measurement of the Environmental Parameters Required 
to Evaluate the Convective Heat Transfer from the Full- 
Scale Heated Flat Plate 
In order to evaluate the heat transfer coefficient from a 
flat plate in the natural environment using equation 4.2, it is 
necessary to measure the following environmental parameters: 
solar irradiance I, incident longwave radiation RL and the air 
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temperature T A' As the heat transfer data is to be correlated 
against wind speed and wind direction these must also be 
measured. The measurement of each of these parameters is 
considered, in turn, in this section. 
4.5.1 Solar Vadiation 
Solar radiation, as described in Section 4.2, has wave 
lengths in the range 0.3 to 3.0 pm. An instrument for measuring 
the total hemispherical solar (beam + diffuse) radiation is 
known as a pyranometer. A full discussion on the types and 
operation of these instruments is given by Duffie and Beckman 
[19801. 
The instrument used in this series of experiments was a 
Kipps pyranometer (see Figure 4.10). It utilises a thermopile 
detector to measure the temperature difference between the black 
detector surface and the white housing of the instrument. This 
temperature difference, and hence the output from the thermopile 
in millivolts, is proportional to the incident solar radiation. 
Two concentric, optically ground, glass hemispheres cover the 
detector surface. These protect the detector from the natural 
elements such as wind and rain; they also serve to prevent any 
incident long wave radiation reaching its surface. Glass can be 
considered opaque to radiation at wave lengths longer than 3 ýIm. 
The intensity of solar radiation incident on an inclined 
surface is different to that on a horizontal surface. It is 
therefore necessary to place the pyranometer with its detector 
in the same plane as the heated plate. The instrument used, 
which was located on the roof of the building 0.3m from the top 
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left hand corner of the plate, (see Figure 4.9) was supplied 
with a horizontal positon calibration certificate. This 
calibration had been performed recently and stated that the 
instrument had a linear response of 
I= 91.56 ep+6.349 Wm-2 (4.4) 
where ep= the output from the thermopile, in millivolts 
There is some evidence that the calibration of a 
pyranometer changes if the instrument is inclined to the 
horizontal. The reason for this appears to be changes in the 
natural convection patterns inside the glass dome, which changes 
the manner in which heat is transferred from the hot junctions 
of the thermopile to the cover and other parts of the 
instrument. 
Norris [19741 measured the response of four pyranometers, 
when subjected to the radiation from an incandescent lamp 
source, at various inclinations. Although he found errors of up 
to 10% at large angles of inclination, the maximum error found 
at 350 - the pitch of the building roof was 
± 2%. It was 
therefore felt that the use of equation 4.4 was justified. 
4.5.2 Long wave radiation 
All bodies at temperatures above absolute zero emit 
electromagnetic radiation. This is known as thermal radiation 
and its intensity is proportional to the fourth power of the 
absolute temperature of the body. The wavelengths of the 
emitted radiation is also dependent on the body temperature. 
Generally, the hotter the body the shorter the wavelengths 
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emitted. For example Duffie and Beckman [19801 show that the 
thermal radiation emitted from a source at a temperature of 
400 K has wavelengths longer than 3 pm. Thermal radiation in 
the natural environment originates from sources at temperatures 
near the ambient temperature. Subsequently this radiation, 
which is emitted by the atmosphere, by buildings or by any other 
body at ordinary temperatures, has wavelengths greater than 3 
pm. Hence it is known as long wave radiation. 
Direct measurement of long wave radiation is difficult. 
One method which can be used is to measure the total radiation 
on a surface i. e. both long and short wavelengths, and subtract 
the amount of incident solar radiation from the value obtained. 
This method was employed in this series of experiments. 
A Funk-type net radiometer, situated on a bracket at the 
West end of the roof and inclined at the correct angle (see 
Figure 4.11) was used to make these measurements. This 
instrument is similar in construction to the pyranometer 
described in Section 4.5-1. It is, however, different in two 
important aspects. 
The single protective hemispherical bubble over the 
thermopile is made, in this case, of polythene and not glass., 
This material has the property of being transparent to both 
short and long wave radiation. Because the polythene is 
flexible it must be continually kept under pressure by dry air. 
This air was supplied via a length of tubing from a small pump 
situated inside the building. Before reaching the radiometer 
the air passed through an in line vessel containing dry silica 
gel; this gel was replaced at regular intevals with a fresh 
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supply. Due to its delicate nature the bubble was very 
susceptible to environmental deterioration and so this too was 
replaced at frequent intervals. 
The second difference between this instrument and the 
pyranometer is that instead of the thermopile output being 
proportional to a temperature difference, it was proportional to 
the difference between the incoming radiation and the radiation 
received on its lower surface from a cavity. This cavity acted 
as a black body so: 
RL= CY T4+Ce Wm-2 (4-5) 
where RL= the incident long wave radiation, Wm-2 
a= the Stefan Boltzman constant, Wm-2 K -4 
Tc= the cavity temperature, K 
C= the radiometer calibration constant r 
er= the thermopile output, millivolts 
The radiometer cavity temperature was measured by a T-type 
thermocouple. If there is more incident long wave radiation than 
i, s- being emitted by the cavity then the thermopile output will 
be +ve, if there is less it will be -ve. 
A calibration constant of 33.6 Wm-2 K- 
1m. V- 1 was originally 
supplied by the manufa7cturers. This was some 20 years ago. 
With a view to the possible deterioration of the sensitivity of 
this instrument over this period it was recalibrated using the 
method recommended by Sharples [19811. This calibration is 
described in the next section. 
- 182 - 
4.5.3 The calibration of the funk type net radiometer used in 
the full-scale convective heat transfer measurements 
The radiometer was calibrated over the surface of a 
constantly stirred water bath, in a darkroom to prevent the 
incidence of any unaccountable short wave radiation. This 
highlights one possible failing of this calibration method, i. e. 
that the radiometer is calibrated only for long wave thermal 
radiation. It must be assumed therefore that the response of 
the thermopile is wavelength independent. A motor which drove 
the water bath stirer was shielded with aluminium foil for 
similar reasons to the above. 
Surface tension held a T-type thermocouple within the 
first mm of the water; this facilitated the measurement of the 
water surface temperature Tw. The value of the total long wave 
emittance of the water is given by Holman [19811 as Cw=0.95 - 
0.963 for the temperature 273-373 K. A value of 0.95 was 
assumed for this calibration series. 
The side of the thermopile opposite to the cavity was 
suspended centrally some 40mm. above the surface of the water, 
level with the top of the sides of the bath. In plan the water 
bath had dimensions of 250 x 380mm, -this gives the radiometer of 
a mean field of view of the water of approximately 84%. The 
remaining 16% of view "seen" by the radiometer consists of the 
glass sides of the water bath. Glass has an approximate 
emittance of c9=0.94 and the sides of the tank will be at a 
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temperature close to that of the water. Coupled with the fact 
the sides will emit radiation at large angles of incidence with 
respect to the thermopile, leads to the conclusion that the 
resultant errors produced by the restricted field-of-view will 
be somewhat less than the original figure of 16%. 
In this situation, the heat flow q across the thermopile r 
and hence its output is given by: 
q=ce= CT c4_Cw 
UT 
w4 
Wm-2 (4.6) 
Assuming Tc to be constant-throughout the calibration 
procedure the above can be rearranged to give 
4C CYT 
4 
erCE: WCT Tw+C mv 
(4-7) 
Therefore, plotting er against Cw CIT w4 should result 
in a 
straight line of gradient -1/C r and 
intercept UT 
c4 
/C 
r' 
The water temperature was varied between 288 K and 296 K 
and throughout the calibration procedure Tc= 294.1 ± 0.5 K. 
Twenty data points were taken and a linear regression of the 
radiometer output on CwTw4 was made i. e. 
er = -0.024 E: w 
UT 
w+ 
10.034, mV (4.8) 
0.984 
where r= the linear regression correlation coefficient 
Comparing equations 4.7 and 4.8 gives Cr= 41.8 Wm-2 
mV this represents a decrease in sensitivity of the 
instrument, since the original calibration, of some 25%. 
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4.5.4 Air temperature 
Air temperatures were measured using a shielded T-type 
thermocouple mounted on the arm of the radiometer (see Figure 
4.11). This position was chosen because here it would be outside 
the influence of the temperature field created by the heated 
plate. 
The shield allowed the free passage of air around the 
thermocouple whilst protecting it from W radiation by day from 
the sun, the ground and neighbouring objects (ii) loss of heat 
by radiation to the cold ground at night, and (iii) the 
detrimental effects of precipitation. 
4.5.5 Wind speed and wind direction 
Measurements of wind speed and wind direction were made 
with a 3-cup anemometer and a windvane supplied by Vector 
Instruments Ltd., Wales. They'were mounted, together, on a 
bracket and mast which positioned them 1.5m above the ridge line 
of the building, at. its most westerly point, thus giving them a 
distance above the ground of 6m. The mast arrangement is shown 
in Figure 4.11. Of course the anemometer and windvane could 
have been positioned at any height, within constructional 
possibility, above the roof. The choice of 1-5m was, in a way, 
arbitrary. However, a. mast of this height provided a very 
stable structure, a much taller mast may have required guy ropes 
to ensure stability. Wind speed measurements at this position 
also show some compatibility with the only other known 
examination of the convective heat transfer from an inclined 
flat plate in the outdoor environment, i. e. those of Test 
[19811. Test, as will be recalled from Section 3.4, evaluated 
the wind speed at a distance of about lm above his test surface. 
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Cables from the two instruments led into the building 
through the hole made by removing one of the ridge tiles to a 
junction box and power supply unit. Connections from this box 
were made to the data logging system. The output from the 
anemometer was linear with wind speed, i. e. 
v 6R = 4.83 ea ms -1 (4.9) 
where V 6R = the wind speed 6m above the ground 
over the roof, ms- 
1 
ea= the output from the anemometer, volts 
The value 4.83 was derived from the calibration data 
supplied by the manufacturers and was stated to be accurate to 
2% over wind speeds in the range 0-15 ms- 
1; 
these are speeds 
likely to be encountered in the natural environment at this 
height. 
One type of problem often encountered using this type of 
instrument occurs with the measurement of low wind speeds. At 
these speeds the wind may not be strong enough to overcome the 
inertia inherent in the anemometer. The lightweight construc- 
tion and bearing mechanism of this instrument give it the low 
operating speed of 0.2 ms- 
1. The only drawback with this design 
is that it is more susceptible to free stream turbulence and 
short duration gusts in the wind. 
A similar minimum operating speed is quoted for the 
windvane, and its accuracy is stated as betterthan ± 2%. The 
output from the windvane is also in volts, and corresponds to a 
range of 6000 with automatic switching at the range extremities. 
This means that the output can be either +ve or -ve. The 
instrument was so positioned as to give, a reading directly 
proportional to the angle of incidence of the wind on the plate, 
E). This angle is defined in Figure 4.12. 
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If the output ev from the windvane is +ve then 
E) = 45 ev degrees (4.10) 
and if it is -ve then 
0= 360 + 45 ev degrees (4.11) 
If the wind incidence angle is greater than 1800 then it 
is converted into its -ve counterpart by simply subtracting 3600 
from its value. 
Wind speeds were also measured at various heights above 
the ground at a site on the playing field in front of the 
building. The reasons for making these measurements are given 
below. 
The most widely available wind statistics in Britain are from 
Meteorological stations. These stations measure the wind speed 
at a standard height of 10m above the ground and away from any 
obstructions. It was therefore felt necessary to evaluate this 
wind speed and compare it to the wind speed measured over the 
roof in order to correlate the heat transfer measurements with 
this standard speed. This speed will be referred to as V 10* 
The presence of the building may influence the flow 
characteristics of the wind around it. This may effect the wind 
speed V 6R as compared to the wind speed at a similar 
height 
without am obstructions present V 6' 
A recent model study by Kind [19831 produced correlations 
between the convective heat transfer coefficient and the free 
stream wind speed, as measured at the mid collector height, VH' 
Several of the correlations discussed in Section 3.8 also 
require VH as an input to produce a design value of h for flat 
plate solar collectors. Therefore it was felt necessary to 
compare the free-stream wind speed at this height (in this case 
3.6m) with the continuously measured roof wind speed V 6R* 
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These wind speed measurements were generally made at a 
position some 80m from the building using a cup anemometer 
with similar characteristics tQ the one used to measure V 6R* 
Remote sensing of the output of this instrument in the building 
was considered impractical, as the long length of cable required 
would hinder the cutting of the playing field grass. Therefore 
its output was converted directly into wind speed values and 
recorded by a battery operated moving chart device placed at the 
foot of the anemometer mast. Both the anemometer and chart 
recorder were borrowed from the University's Geography 
Department for the duration of the experiment. No device was 
available to evaluate the wind direction at this position. 
The mast was of a hydraulic type which could be pumped up 
to position the anemometer head at any height above the ground 
between 2 and 10m. Because the fields were in frequent use for 
the playing of sports, it was not possible to make continuous 
measurements of wind speed at this site during the heat transfer 
experiments. The mast and chart recorder as shown in Figure 
4.13 are set up to measure the free-stream wind speed at 
mid-collector height. 
4.6 The Method Employed for Recording the Data Obtained from 
the Full-Scale Convective Heat Transfer Measurements 
All the signals from the instruments described in Section 
4.5, except that from the free-stream anemometer, were carried 
along cables through the roof space of the building and 
connected to the input port of a Hewlett Packard 3497A data 
aquisition unitl as were the plate thermocouples. By 
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controlling this unit with a HP85 micro-computer, and associated 
software, it was possible to store these signals on miniature 
magnetic ribbon cassettes. The thermocouple outputs were 
recorded directly in degrees centigrade, the others as voltages. 
A full description of the logging system and its use is given 
the Hewlett-Packard Operators Handbook [19811. 
Ideally, when measuring a number of parameters they should 
be recorded in time increments equivalent to the rate of 
variability of the fastest changing parameter. Here, this is 
the wind. speed. This varies continuously about a mean value due 
to turbulence and gusts. However, due to the large number of 
inputs to the logger and the finite time required to store the 
data, it was not possible to record the whole data set at 
intervals of less than two minutes thirty seconds. The problems 
encountered when recording continuous variables at discreet 
intervals will be discussed in Section 5.1. Each block of 
recorded data will be subsequently referred to as a "scan". 
4.7 The Experimental ProcedureýEmployed in the Full-Scale 
Convective Heat Transfer Measurements 
Before starting any experimental run the instrumentation 
and thermocouples were checked to ensure they were in working 
order. This was done by displaying their various outputs on the 
micro-computer screen. The pyranometer and radiometer covers 
were checked for deterioration and cleaned or replaced as 
necessary. If the silica gel, used for drying out the air 
supply to the radiometer, had turned pink it was replaced with a 
fresh supply. The windvane was provided with a remote 
calibration facility at a junction box in the building, this 
calibration was performed before the start of any run. 
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The plate was usually left between experimental runs with 
the heater element switched on, at one of the lower power levels 
given in Table 4.1. This was to ensure a shorter warm up period 
when the plate was switched to the required power level for the 
run, and to evaporate any moisture which had settled on the 
plate. 
Power level 3 i. e. 625 WM-2 generally proved to be 
adequate for producing the required plate-air temperaturet 10-50 
K, under most conditions. However, other power levels were used 
at times in order to achieve a reasonable plate temperature 
under extreme conditions of air temperature and wind speed. 
Local 12 hour weather forecasts were consulted in order to 
ascertain, approximately, the meteorological conditions likely 
to be encountered during any experimental run. These forecasts 
were most useful in predicting the prevailing wind direction 
thus enabling an experimental run to be performed to examine a 
specific wind incidence angle. 
The start of the run was marked by activating the data 
logger to take the first reading and the recording of the 
following information. Run number, tape number, date, time 
(GMT) and the heater power level. 
Tape storage capacity limited the maximum length of each 
run to 26 h. Not all runs, however, were of this length. Runs 
of lengths as short as 8h were performed, usually to gather data 
under specific meteorological conditions, i. e. such as a 
particular wind direction, which persisted only for this 
duration. 
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At the end of the run the data tape was retrieved and 
returned to the University in order to be analysed. This 
analysis together with a discussion of the results obtained from 
the full-scale measurements will be described in Chapter Five. 
rnnt- II I'Zi nn 
The setting up of an experimental rig to evaluate the 
convective heat transfer coefficient from a large flat plate, 
mounted on a building roof has been described. Problems 
encountered and justification of the methods used have been 
discussed. 
It is readily understandable why experiments of this type 
are not often performed. They are difficult to make, laborious 
to maintain, time consuming to analyse and, because of their 
complexity, do not lend themselves to simple generalisations. 
However, these type of measurements are of vital importance in 
the quest to gain a deeper understanding of the convective 
behaviour of full scale heat transfer systems. 
The forced convective heat transfer coefficient for the 
top surface of a solar collector is still evaluated using 
relationships derived from small scale wind tunnel studiesq (see 
Section 3.8). These relationships show no dependence upon wind 
direction and show no dependence on plate size. One of the 
primary aims of this series of experiments is to justify or 
repudiate these assumptions. The results obtained from the 
full-scale measurements are presented in the next chapter. 
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A 
Increase R Power c 
240 V 
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50 htz 
Rc= Control resistance 
R LOAD 
(Flexel Heater) 
Figure 4.7 Schematic diagram of heater element power control circuit 
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Figuve 4.8 Overail view of' heater, plate and insti, umentation mounted on the test buiiding 
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'CHAPTER FIVE 
EXPERIMENTAL RESULTS OF THE FULL-SCALE MEASUREMENTS 
OF FORCED CONVECTIVE HEAT TRANSFER AT THE NORTON SITE 
Introduction 
The full-scale experimental measurements of the convective heat 
transfer coefficient, as described in the previous chapter, led to the 
gathering of large amounts of primary data. This data was reduced 
into a coherent set of results to obtain an understanding of the 
relationships existing within the observations. In this chapter it 
will be shown how the primary data was analysed and the results of 
this analysis will be presented in a readily understandable form. The 
problems encountered in performing the analysis will be discussed as 
will the errors associated with the full-scale measurements made in 
the outdoor environment. 
5.1 The Analysis of the Data Obtained from the Full-Scale Convective 
Heat Transfer Experiments 
5.1.1 The initial reduction of the primary data to mean hourly values 
Between March 1984 and January 1985,29 experimental runs of the 
type described in Section 4.7 were performed, with a total of 12,360 
scans being made. This data was to be initially reduced to mean 
hourly values of wind speed and convective heat transfer coefficient. 
Each scan recorded the twenty-five signals from the plate and 
instrumentation, thus the hourly mean values were to be based on 600 
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pieces of information. The ideal method of handling such large 
amounts of data would have been to use a main-frame computer. 
Unfortunately, due to restraints on equipment, it was not possible to 
interface the microcomputer - on which the primary data was taken and 
stored - with the main frame computer available at the University of 
Sheffield. Therefore the data was analysed on the micro-computer 
itself using a specially written program. A listing of this program 
is shown in Appendix A, and a typical output from it is shown in 
Figure 5.1. As can be seen from Figure 5.1 the output gives the 
starting time of each set of 24 scans and mean hourly values of the 
convective and radiative heat transfer coefficients, along with the 
conduction losses through the back of the plate. Also included are 
mean hourly values of the environmental parameters (wind speed, wind 
direction - expressed as an angle of incidence to the plate, air 
temeprature, long wave and short wave radiation). Finally, the 
predominance of the wind direction is given as is the plate to air 
temperature difference. 
Several points much be discussed in order to clarify the 
information presented by this output. These points will be examined, 
in turn, in the rest of this section. 
5.1.2 Problems associated with the measurement of continuous variables 
at discrete intervals 
Consider a parameter, y, which is varying continuously, and 
randomly, about a true mean value77 for a given time period, t. The 
parameter is sampled instantaneously at discrete time intervals of ts 
If the first sample is taken at t0+tS, where t0 is the start of the 
total time period, and the last at t', (the end of the time period) 
then there will be a total of N samples taken where N= t/t 
s. 
This 
situation is illustrated in Figure 5.2. 
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This shows a randomly variable step function being sampled 11 
times over the period t. The aim of taking these samples is to 
evaluate the true mean, y, of the data. The best estimate of the true 
mean is shown by Chatfield (19701, to be the mean of the samples 
taken, y, as opposed to the mode or median for example, where: 
Yi 
N 
This estimate will have an error associated with it. The usual 
method of expressing this error is to give a confidence interval in 
which the true mean will lie. Cunningham [19813 states that this 
interval can be expressed as 
s (5.2) N 
where SN= The Students t for N points, at the given confidence 
level 
CY The Standard deviation of the sample s 
N The Number of data points in the sample 
The value of the multiplier SN depends on the level of 
confidence chosen and the number of data points, N. The distribution 
of SN was first obtained mathematically by Gosset (19081. The 
standard deviation of the sam le is given by: N 
(yi 2 
(5.3) 
s (N 1) 
- 207 - 
As the value of SN for any given confidence level decreases 
with Nand the error given in equation 5.2 is proportional to 1// N, 
it is desirable to make N as large as possible in order to minimise 
the error on the measurements. 
It has already been stated that the minimum available time 
between scans is 2 minutes 30 seconds. Therefore the only way to 
increase N is to maximise the averaging period. Meteorological wind 
speed records are most usually presented in the form of hourly 
averages, as is data for other environmental parameters. Therefore 
this period, i. e. one hour, was chosen for the averaging process. 
This gives a value to N of 24. Substituting in this value of N, and 
the value of SN for 24 data points at the 95% confidence level, into 
equation 5.2 gives: 
y 0.422 cy s 
(5.4) 
An analysis of this type of applied to the wind speed data. 
This showed that the error on any hourly mean wind speed measurement 
was approximately ± 0.5 ms- 
1 
at the 95% confidence level. With a 
constant electrical heat input from behind, the temperature of the 
plate is not only dependent upon the wind speed but also the 
variability of the environmental energy inputs of short and long wave 
radiation. If these inputs fluctuate rapidly this may give rise to 
rapidly changing mean plate temperatures. The analysis described 
above was applied to the hourly evaluation of the mean plate 
temperature. The results of this analysis showed that the mean 
temperature of the plate can be defined to within ±2K in the worst 
case. 
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The mean plate temperature for each individual scan is itself 
based on the arithmetic average of the readings from the 9 surface 
thermocouples. It was found that, for each individual scan, there was 
a temperature variation across the_upper surface of the plate of 
approximately 5-10 K. Therefore the plate is not strictly isothermal. 
The reason for this temperature difference across the plate can 
be explained in terms of the flow regimes which exist over the plate 
surface. The heated plate and building constitute a 3D bluff body 
placed in the highly turbulent 3D flow of the natural wind. Therefore 
the top surface of the plate will be subjected to highly complex flow 
regimes, such as separation bubbles, etc. Wind tunnel studies of 
bluff bodies placed in a 2D flow (see Section 3.4) have already shown 
that the local convective heat transfer from a surface will vary 
greatly, due to the presence of these various flow regimes. 
Because the plate surface, at any instant, is subjected to a 
constant energy input over its surface, any variation of the local 
convective heat transfer coefficient will manifest itself as a 
temperature distribution across the plate surface, i. e. the lower the 
temperature at a given location, as measured by one of the plate 
thermocouples, the greater the convective heat transfer at that point. 
It was the intention of this series of experiments to investigate'the 
average convective heat transfer coefficient over the plate hence no 
further study of these temperature variations was made. 
One of the final products of the analysis is, of course, the 
convective beat transfer coefficient h. 95% confidence intervals of 
the order of ! (0-50 - 4.07) Wm-2 K- 
1 
were found, with a general trend 
of an increase in absolute error with increasing h. 
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Whilst errors of these orders would be thought of as excessive 
in a controlled laboratory experiment they are considered to be 
acceptable in full-scale work, and the effect of the error on any one 
measurement is minimised by taking large amounts of data over a long 
period of time. 
This type of error analysis adequately deals with the problems 
associated with wind speed and temperature, etc. The measurement of a 
mean hourly value of wind direction presents further difficulties. 
5.1.3 Problems associated with the measurement of wind direction in 
the full-scale experiments 
The wind direction varies about a mean value in a similar manner 
to the wind speed. Lacy [19771 shows that the wind direction 
oscillates about its mean value by approximately t 150. This, 
I 
however, is not the main problem here. Consider the coordinate system 
shown in Figure 4.12. It can easily be imagined that a situation may 
arise where the wind will blow from a direction of +1700 for half the 
number of scans recorded and from -1700 for the other half, thus a 
simple arithmetic average of this data would lead to a value of 00 for 
the mean wind direction. This is, obviously, unacceptable. Surridge 
[19821 discusses this situation and states that it essentially breaks 
down to the problem of a circular parameter being recorded on a linear 
medium. He suggests that various techniques have been devised to 
over-come this, and that they usually rely on some "intelligence" in 
data recorder. With these two points in mind, the following procedure 
was employed to enable the wind direction data to be presented in a 
coherent manner. 
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The wind co-ordinate system was split into eight equal sectors, 
based around values of 00,45*, 90', 135', 1800, -1350, -900 and -45*. 
Thus the wind direction, 0ý for a particular scan is classified as 
being in the 450 sector, for example, if it is in the range 22.50< 0 
, <, 65.50 (other sectors been defined in a similar manner). The 
inclusion of the < for the upper end of each range prevents the 
possibility of wind directions lying exactly at the interface of two 
sectors, being omitted from a classification. 
Each of the measured wind directions, over a given hour are 
classified by the above method. The sector containing the most data 
points is presented as the wind direction in the output from the 
analysis. The predominance of the wind direction in this sector is 
also presented. This is defined as: 
N0 
Predominance, P -ý-4 x 100 (5-5) 
where No = The number of scans over the hour giving a wind direction 
in the predominant sector. 
Thus the predominance level is a measure of the stability of the 
wind direction over the hour. 
5.1.4 Conduction losses 
The conduction loss through the insulation behind the plate is 
given in watts and is evaluated from Fourier's Law, i. e. 
q= -kA 
ý-T 
Ax 
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where q= Heat transfer rate, W 
k= Thermal conductivity of insulation material, Wm- 
1 K- 
AT = Temperature across insulation K 
Ax = Thickness of insulation, m 
A= Area of insulation, m2 
Other conduction losses e. g. from the edge of the plate through 
the frame or down the thermocouple wires was considered to be 
negligible. For example, if the temperature difference between the 
edge of the plate and the outside of the frame was 30K there would be 
4 
an energy loss in this direction is of the order of 10- W, which is 
minimal as compared to the backloss from the plate through the 
insulation foam. 
5.1.5 The radiative heat transfer coefficient 
This study is primarily concerned with heat loss by the process 
of convection. It must be noted at this stage, that there will also 
be a net gain, or loss, of energy at the plate surface due to its 
radiant exchange with the environment. 
Green [19791 states that the net radiative heat loss, per unit 
surface area, from the outer transparent cover of a solar collector, 
to the environment, is given by: 
qr=c PT c 
4_ RL) Wm-2 (5.6) 
Where the subscripts r and c indicated radiation and cover 
values respectively. 
Holman [19811 states that a radiation heat transfer coefficient, 
hr can be defined, in a similar manner to the convective heat transfer 
coefficient, as: 
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hqr Wm-2 K- 1 (5-7) 
(Ts -TA) 
Adapting equations 5.6 and 5.7 for the situation under 
consideration here and combining them, we have: 
Ep CYT 
s4-RL WM-2 K- 1 (5-8) 
r (T 
s-TA) 
With all the parameters on the right hand side being known or 
measured mean hourly values of the radiative heat transfer coefficient 
can be evaluated. These values are presented in the output as shown 
in Figure 5.1 under the heating Heat Transfer Coefficient - Radiative. 
Because of its secondary importance in this series of experiments, 
further examination of the radiative heat transfer coefficient, will be 
deferred until after the discussion of the convective heat losses from 
the full-scale roof mounted plate. 
5.2 Relationships between the Convective Heat Transfer Coefficient 
and the Wind Speed Measured over the Roof V 1 : -6 R 
By consideration of the earlier experimental work reported in 
Chapter Three, it may be expected that the convection coefficient will 
be dependent upon the wind speed and the wind direction. Thereforev 
the mean hourly values, presented by the output, of initial interest 
are; the convective heat transfer coefficient h, the wind speed over 
the roof, V 6R , and the wind incidence angle, 
E). Each experimental run 
contained no more than a total of 26 hours of data, and there was 
never more than 15 sequential hours for which the wind direction was 
constant. Therefore, the data from all experimental runs was grouped 
together in terms of wind direction. 
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Figures 5.3 to 5.10 show plots of the heat transfer coefficient 
h against roof wind speed V 6R for each of the eight defined wind 
direction sectors. The data is plotted irrespective of the 
predominance level of the wind direction, or of the value of any of 
the other measured parameters. From these figures it can be seen that 
the measured values of the convection coefficient lie approximately in 
the range 5<h< 35 Wm-2 K- 
1, the value of h tending to increase with 
wind speed. 
To test if any distinct relationship existed between the two 
parameters a best straight line fit was applied to the data for each 
wind sector. These lines are also shown in Figure 5.4 to 5.11. The 
lines were determined using a least squares method on a microcomputer. 
Table 5.1 presents the regression lines obtained for each direction 
together with the number of data points N, the correlation 
coefficient, r, the significance level of this coefficient, p, (a 
significance level of 0.001 implies t hat this correlation has only a 
0.1% probability of occuring by chance) and the wind speed range which 
the data encompasses. 
Two points become immediately apparent upon examination of the 
data plots. 
(a) Despite relatively high values of r, the scatter of the 
data is large 
(b) The differences between the relationships obtained for 
each wind sector are small in comparison to this scatter. 
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The scatter is so large that it would be inadequate to describe 
the data sets merely by their regression lines and correlation 
coefficients. Brownlee [19531 states that confidence limits can be 
placed on regression lines. These limits are defined by lines drawn 
parallel to the regression line. The displacement of these lines, 
y, measured in units of y (h _WM-2 K- 
1, in this case) parallel to the 
axis, is defined as: 
AY =SN 
/1 
-r2 
/1( (5-9) 
This analysis was performed for each data set taking a value for 
SN at the 95% confidence level. Table 5.2 presents the results of 
this analysis. From this it can be seen that in general there is 
slightly more scatter on the data for the -ve wind directions. This 
indicates that the presence of the small garage to the east of the 
measurement building could be having some effect on the wind flow, 
making it less easy to define a mean wind speed for these directions. 
Table 5.2 shows that the 95% confidence limits are of the same 
order of magnitude as the measurements themselves. In experimental 
work errors are most often expresssed as a percentage of the actual 
measurement. Because the confidence limit lines are parallel to the 
regression line the error expressed as a percentage changes with the 
value of the roof wind speed V 6R* This percentage error is a maximum 
at the lower end of the wind speed range considered and is of the 
order of ± 50%. The percentage error decreases with increasing wind 
speed to a value of appromately ± 20% at the uppper end of the range 
i. e. 6-7 ms- 
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These percentage errors are large enough to warrant an 
investigation into means by which they could be reduced. 
5.2.1 Attempts to reduce the scatter on the correlations 
between h and V 
-ýýýR 
It was thought, initially, that there could be two possible 
reasons for the large amount of scatter in the data for each defined 
wind angle. Predominance levels as low as 33% were found for each 
wind direction; this would indicate that the wind, over the hour, was 
blowing at least equally from 3 of the defined sectors. If there is 
any significant dependence of the convective heat transfer 
coefficient, as correlated against wind speed with wind direction, 
then this effect would become more apparent the more well defined the 
wind direction. Figures 5.11 to 5.14 show plots of the convective 
heat transfer coefficient h against V 6R for the 450 sector for 
predominance levels of P> 50,60,70 and 80 percent respectively. 
Table 5.3 is similar to Table 5.1, presenting values obtained from 
each of the plots described above, along with that obtained from the 
whole data set. From this it can be seen that the coefficients of the 
regression equation change only slightly with increasing prediminance 
levels. Whilst the correlation coefficient tends to increase slightly 
with predominance level, indicating less scatter on the data, its 
increase is not significant. This type of analysis was conducted on 
each data set, with similar results. It can be, therefore, concluded 
that the scatter of the data about the regression line is not a strong 
function of the predominance level of the wind direction. 
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Table 5.2 95% Confidence limits for the linear regressions of h on V R 
Wind 
Angle Displacement distance of 95% Confidence limit lines 
0 
00 + 4.3 -2 Wm K 
45 0 6.8 Wm- 
2K 
goo + 4.7 
2 Wm K 
1350 5.6 Wm-2 K1 
1800 + 6.6 Wm-2 K1 
-1350 8.2 Wm- 
2K1 
-900 7.9 Wm-2 K1 
-450 
+ 7.8 Wm- 
2K1 
A second possible cause of the scatter was thought to be caused 
by the wide range of plate - air temperatures experienced during the 
series of experiments. Rowley [1930 (a)] indicates that the 
convective heat transfer coefficient increases slightly with this 
parameter. The following procedure was adopted to test whether this 
was the case in this series of experiments. The convective heat 
transfer data for each wind direction was further subdivided according 
to wind speed, i. e. all the data for a given wind speed range were 
grouped together. The ranges chosen were 0.0-1.0 ms- 
1,1.1-2.0 
ms- 
1 
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etc. These ranges were chosen because, as shown earler in Section 
5.1.2, the hourly mean wind speed could not be defined to better than 
1 0.5 ms- . The convective heat transfer coefficient for data points 
in a given wind speed range was then plotted against the mean plate to 
air temperature difference for that hour. 
The plots for 4 wind speed ranges for the 450 wind direction are 
shown in Figures 5.15 to 5.18. These are typical of the results of 
the whole data set. No regression analysis is presented because it is 
obvious that there is no significant relationship between the two 
variables. Therefore it can be concluded that the variation in the 
plate to air temperature does not account in any way for the large 
amount of scatter in the original data set. Because they make best 
possible use of the data, i. e. include the maximum range of wind 
speeds etc., the original regression equations, as presented in Table 
5.1 are adequate. 
5.2.2 Comparison of the current results with previously experimentally 
derived linear relationships 
It was shown in Chapter Three that several workers had produced 
linear relationships between the convective heat transfer coefficient 
and wind speed. The experiments conducted on smooth plates in the 
parallel flow of wind tunnels could be summarised by equation 3.95, 
i. e. 
2.9 V. + 10.0 WM-2 K- 
1 
where V,,. = the free-stream wind speed of the wind tunnel, ms -1 
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The work of Test et al [19811 is described in Section 3.4.3. He 
measured the convective heat transfer from an inclined 1.22 x 0.81m 
plate in the natural environment and correlated the results against 
the wind speed as measured approximately 1m above the heated plate, 
with the result: 
h=2.56V + 8.55 WM-2 K- 
1 (5-11) 
Kind et al [19831 presented linear relationships derived from 
extrapolations from his model work, which is described in Section 
3.6.5. He states his results are applicable to a collector 2.4m long; 
for a wind angle of 900 Kind gives: 
h=2.2 VH+4.0 WM-2 K- 1 (5-12) 
and for a wind angle of 1350 
1.3 VH+4.0 Wm -2 K -1 (5-13) 
where VH The wind speed measured at the mid collector height, 
ms 
Ito et al 119721 in his experimental work on forced convection 
from high rise building facades produced linear correlations between h 
and the wind speed measured by a mast mounted roof anemometer. He 
examined several locations on the building facade and the relationship 
for his 4th floor centre site is: 
2.0 VR+3.5 Wrý-2 K-1 (5-14) 
where VR The wind speed measured Bm above the building roof, 
-1 ms 
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For this position, which can be taken as representing an 
"average location" for the site Ito also obtained the following 
expression 
8.6 V+3.2 wm- 2 K- 1 
s 
where Vs= The wind speed as measured 0.3m from the building 
facade 
(5.15) 
From his full scale measurements Sturrock [19711 suggests that 
for an average location on a 26m high building 
6.0 VR+5.7 wm- 2K-l (5.16) 
Nicol (19771, from his work on convective heat loss from a 
window, gives: 
h=4.35 VR+7.55 WM-2K-1 (5-17) 
Sharples, [19811 conducted convective heat transfer experiments 
at four locations on an 84m high tower block. His measurements at the 
centre of the fourteenth floor facade produced the following linear 
correlations, for windward data 
h=0.99 Vs+3.4 wm- 2 K- 1 (5.18) 
h=1.1 VR+0.9 WM-2 K- 1 (5-19) 
h=1.6 V 10 + 3.3 WM-2 K- 
1 (5.20) 
where V 10 = The wind speed as measured at a nearby meteorological 
station ms -1 
Direct comparison between the equations presented above and the 
results of the current work given in Table 5.1 would be unwise, since 
they encompass a wide variety of site geometries and wind speed 
measurement locations. However, two points are worthy of note. 
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M The equation due to Test et al, [19811 is in good agreement 
with the current work as is the wind tunnel derived 
correlation. 
(ii) Formulations involving the surface wind speed VS show poor 
agreement with th e current work as do the results of 
Sturrock (19711. 
Test et al [19811 results were based on experimental 
measurements conducted on a plate of similar geometry to that used in 
the current series and the wind speed was measured at a similar 
distance away from the plate. Sturrock's [19711 heating element was 
several orders of magnitude smaller than that used here. The other 
two correlations, due to Ito et al (19721 and Sharples [19811, which 
show disagreement with the current results, involve wind speeds 
measured at entirely different locations to that at the Norton site 
and were performed on buildings of dissimilar geometry. 
This indicates that three basic factors govern the formulation 
of linear dimensional relationships between the convective heat 
transfer coefficient and wind speed, in full scale work: 
(a) Plate size 
(b) Plate and site geometry 
(c) Location of wind speed measurement 
These three factors must be taken into account when making 
comparisons between seemingly similar experiments. Also, if an 
experiment is being set up to evaluate h from a particular building 
geometry, care must be exercised to ensure that the experimental set 
up replicates factors (a) and (b), as given above, as closely as 
possible. For example, if the convective heat loss from a1x. 2m 
window is to be evaluated using a heated plate method then the plate 
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should be of the same order of magnitude in size as the window and 
should replicate all the geometrical features of that window, e. g. 
recesses. This methodology has, of course, been followed in this 
current series of experiments for the simulated solar collector 
measurements. 
It is of interest to note however, that the early wind tunnel 
work as represented by equation 5.10 also shows good agreement with 
the current series of experiments, despite the obvious physical 
differences between the two sets of experimental work. Therefore the 
use of relationships developed by this procedure, i. e. measurements in 
a wind tunnel, would not lead to large errors when applied to the 
situation under consideration here. 
5.2.3 The fitting of power law relationships to the convective heat 
transfer data 
It will be recalled from Chapter Two that the fundamentally 
derived dimensionless theoretical formulae for the convective heat 
transfer coefficient from a flat plate are power law relationshps. If 
these formula are applied to a plate with the characteristic dimension 
of the full-scale heated plate i. e. x=1.193m then the following 
relationshps are found. For laminar flow: 
h=4.01 V. 0-5 Wm- 2 K_ 1 (5.21) 
and for turbulent flow 
h=6.36 VcO 0.8 Wm- 2 K-1 (5.22) 
where Vý = the true free-stream wind speed ms- 
1 
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In order to make a more accurate comparison between the measured 
data and the theoretical relationships a power law curve fitting 
routine was applied to the data for each wind direction. The results 
of this analysis are presented in Table 5.4. A direct assessment of 
95% confidence limit errors, as given for the linear relationships, 
was not possible with this type of curve fit. However, they will be 
of the same order of magnitude as those presented in Table 5.2. 
Figure 5.19 presents the two theoretically derived relationships 
together with the experimentally evaluated curves for the 1800 and 
-450 wind incidence angles. These two directions represent the two 
extremes of the observed curves. From this is can be seen that there 
is reasonable order of magnitude agreement between the theory and the 
experimentally derived curves. This is the best that could be 
expected from this type of comparison, due to the obvious geometrical 
dissimilarity between the full-scale experimental set up and the 
idealised case of a streamlined plate in a uniform flow which forms 
the basis of the theoretical predictions. It must be reiterated that 
the theoretical relationships are based on the true free-stream wind 
speed V,,. Whilst V 6R is outside the influence of the boundary layer 
over the plate it is still within the shear flow region of the 
atmospheric boundary layer and may be influenced by local flow 
conditions induced by the building. 
The only other worker who has produced power law relationships 
between h and wind speed from full-scale work is Sharples [19811. For 
his 14th floor centre location he gives, for windward data: 
h=3.1 V 0.61 Wm- 2 K- 1 (5.23) 
S 
and 
h=1.8 VR0.80 WM-2 K- 1 (5.24) 
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This 14th floor location can be considered to be an "average 
site" for his building. 
Figure 5.20 shows a comparison between Sharplee relationships 
and those derived here for the 1800 and -450 wind directions. From 
this figure it can be seen that the present correlations give higher 
values of h for a given wind speed than for those of Sharples. 
Despite the fact that neither of Sharples' wind speed measurement 
locations corresponds exactly with the location used for the current 
series of experiments, Figure 5.20 indicates that there is a 
substantial difference between the convective heat transfer from a 
large building facade and a roof mounted flat plate solar collector. 
The model work of Sparrow et al has been described and discussed 
in Section 3.3, with the conclusion that the convective heat transfer 
I from flat plates, inclined or otherwise, could be given as 
5.1 V 0.5 X-0.5 wm- 
2 K- 1 (5.25) 
Substitution of the characteristic length of the roof mounted 
heated plate i. e. x=1.193m, into the above equation yields 
4.7 V 0.5 wm- 2 K- 1 (5.26) 
Sparrow also notes that for an inclined plate elevated above a 
host surface the convective heat transfer may experience upto a two 
fold enhancement (due to the formation of a rapidly recirculating flow 
induced by the elevation step) over that predicted by equation (5.26). 
If this enhancement is accounted for then equation 5.26 comes very 
much into line with the results presented in Table 5.4. 
If the dimensionless relationship of Kind et al [19831 i. e. 
Nu = 0.613 Re0.54 (5.27) 
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is dimensionalised in terms of the characteristic plate length then 
h=5.83 VH0.54 (5.28) 
Kinds' model collectors were not elevated above the roof surface 
and so are more compatible with Sparrov? s unelevated plate experiments 
rather than the situation under consideration here. Figure 5.21 shows 
the results of Sparrow and Kind, together with the power fits for the 
1800 and -450 wind directions given in Table 5.4. -This figure shows 
that some compatibility exists between previously performed model work 
and the full-scale measurements made here. It is of interest to note 
that the best agreement lies with the Sparrow [19811 elevated plate 
work. It will be recalled that Sparrow's [19811 experiments were 
performed on a surface raised above another non active plane surface 
and not placed on a model building of any kind. This indicates that 
replicating local geometrical features i. e. plate elevation, may be of 
as much importance in model convective heat transfer measurements as 
reproducing the overall building shape. 
5.2.4 A comparison of the linear and power regression equations 
obtained from the full-scale measurements 
From Tables 5.1 and 5.4 it can be seen that the correlation 
coefficient for the power law relationships are in general slightly 
higher than for those of the linear regressions, the only exceptions 
being for the 900 and -450 cases where the reverse is true. However 
the significance level of each pair of coefficients is not different 
except for the data for 1800 where the power law relationship improves 
the significance level from p<0.01 to p<0.001. 
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In order to make a direct comparison of the two types of 
relationship the value of h, as predicted by the linear and power 
regression lines, was evaluated at three wind speeds for each wind 
direction. These values are presented in Table 5.5. It can be seen 
that apart from the values for V 6R ý0 ms- 
1 the derived convective 
heat transfer coefficients are very similar, with a maximum difference 
occurring at the larger wind speed value. The predicted values for 
this wind speed i. e. V 6R =6 ms 
-1 are consistently lower for the power 
law than the linear regression fit. Table 5.5 also presents the 
percentage difference between the two derived values for the 6 ms- 
wind speed. 
The tabulated values show that the maximum difference between 
the two is 15.9%. This difference is not large when compared to the 
actual errors on the lines themselves as given in Table 5.2. At the 
lower end of the wind speed range i. e. V 6R =0 ms- 
1 the difference is 
obviously much larger because the power law relationship takes no 
account of the effect of natural convection. Natural convection will 
take place under still conditions, and at the lower end of the 
measured wind speed ranges (as given in Table 5.1) then mixed natural 
and forced convection will take place. 
As the intercept of the linear regression lines lie in the range 
5.9 - 11.9 Wm- 
2 K- 1 natural convection plays a substantial role in the 
heat loss from the upper surface of the plate. For this reason, and 
the fact that the linear and power curve fits otherwise agree very 
well, it is recommended that the linear relationships given in Table 
5.1 be used as opposed to the power fits shown in Table 5.4. 
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Table 5.5 Comparison of the value of h obtained from linear and power 
regression lines for 3 wind speeds by wind direction 
(V 
6R - ms- 
1) 
Angle Fit Wm- 
2 K- I % Difference 
0 Type h(V 6R = 0) h(V 6R = 3) h(V 6R = 6) h(V 6R = 6) 
Linear 8.3 14.8 21.3 
00 4.5% 
Power 0.0 15.0 20.4 
Linear 7.7 15.7 23.5 
45* 7.9% 
Power 0.0 15.8 21.7 
Linear 6.5 16.3 26.1 
goo 15.9 X 
Power 0.0 16.2 22.5 
Linear 7.9 14.6 21.2 
1350 2.0% 
Power 0.0 14.6 20.8 
Linear 8.3 12.3 16.2 
1800 12.2% 
Power 0.0 12.1 14.4 
Linear 7.8 14.5 21.3 
-135* 6.3% 
Power 0.0 15.1 20.1 
Linear 11.9 18.4 24.8 
-900 2.1% 
Power 0.0 18.3 24.3 
Linear 5.9 17.5 29.1 
-451 14.8% 
Power 0.0 17.1 25.3 
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5.2.5 The natural convection coefficient of the heated flat plate 
It was stated in Section 2.3, that for a large heated plate 
placed in the outdoor environment, the most probable mechanism of heat 
transfer from its surface would be forced, as opposed to natural, 
convection. This is due to the fact that absolutely calm conditions 
rarely exist in the outdoor environment. The current series of 
experiments has vindicated this, with minimum mean hourly values of 
v 6R of about 0.5 ms 
-1 being found. 
It can be considered from the linear relationships presented in 
Table 5.1 that the best estimate of the natural convection coefficient 
of the heated plate available from the current series of experiments 
is the mean of the intercepts of each of the eight regression lines. 
The natural convection coefficient should be, theoretically, 
independent of wind direction. By applying an error analysis of the 
type discussed in Section 5.1.2 the natural convection coefficient of 
the plate can be defined as 8.1 1 4.2 Wm-2 K- 
1 to the 95% confidence 
level. 
This value represents the minimum rate of convective heat 
transfer from the plate, and as can be seen from Table 5.5 represents 
a substantial fraction of the total convective heat loss as predicted 
by the presented regression equations. For example at V 6R =6 ms- 
the convective heat transfer coefficient is only approximately 2-3 
times as large as its minimum, natural convection, value. This 
indicates that a more direct evaluation of the natural convection from 
a large inclined plate i. e. under still conditions, would be an area 
worthy of further research. 
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5.3 The Effect of Wind Direction on the Convective Heat Transfer 
Coefficient 
5.3.1 A comparison between the regression lines obtained for each wind 
direction 
Figure 5.22 presents the linear regression lines for each wind 
sector; the dotted segments represent extrapolation outside the range 
of wind speeds actually measured. From this figure and a considera- 
tion of the values presented in Table 5.5 it can be seen that the 
maximum difference between the regression lines occurs at the range 
extremities. Without taking into consideration the scatter of the 
points about each line, the value of h at V 6R = 0. 
(this is a 
representative value of the natural convection coefficient) is in the 
-2 -1-1 range 5.9 <h< 11.9 Wm K. At a value of V6 ms the values 6R 
of h are in the range 16.2 <h< 29.1 Wm-2 K- 
1; if the 1800 case is 
-2-1 removed then the lower end of this range is raised to 21.0 Wm K 
This 1800 case is the only wind direction which appears, at first 
sight, to give a regression line which is significantly different to 
the rest of the directions considered. If the regression lines for 
each wind direction are not significantly different it may be the case 
that the data would be better utilised by plotting the heat transfer 
coefficient against wind speed irrespective of wind incidence angle. 
One method by which two regression lines may be compared is 
I 
given by Brownlee (1958]. If the two lines are given by 
Yi =a1x+b (5.29) 
and Y2 =a2x+b2 (5.30) 
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then the first step towards comparing the regression coefficients a1 
and a2i. e. the slopes of the lines is to obtain the weighted average 
residual variance a2 where w 
a2= (n 1 Cr 12+n2a22 
Mn 
1+n2 
(5.31) 
where a= the standard deviation of the data, measured in units of y 
parallel to the y-axis, given by equation 5.3. 
n= the degrees of freedom, i. e. N-2 where N= the number of 
points in the data set. 
The subscripts refer to each regression equation and the 
weighted average. The variance of a1 is then: 
(X -)2 -x 
(5-32) 
A similar definition holds for the variance of a 2* The variance 
of their difference is then defined as 
C'l 2- 
(5-W 
22 
6w 
22 
(5.33) 
11 (X--X) 2 (x-X) 
The students t value, S NI is then calculated using 
ja, -a21 (5.34) 
12 
Table 5.6 presents the value of S., obtained in the above 
manner, for each pair of regression lines. In this case a value of 
SN=0 would correspond to a confidence level (that the slopes of 
the lines are different) of zero percent. If SN>3.46 then the 
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confidence level that the slopes are different is 100%. The values of 
SN lie in the range 0.00 <SN<3.59, thus some pairs of lines have 
slopes which are significantly identical and other pairs are 
significantly different. The slopes of the 00, -900 and 1351 
directions are identical. The greatest difference in slopes occurs 
between the -450 and 1800 wind angles. In general the values of SN 
are greater than unity; this corresponds to a confidence level of 60% 
that the slope of the lines are different. Therefore it would not 
seem unreasonable to plot each set of wind direction data as a 
separate line. The obvious limitation to the analysis presented above 
is that it takes no account of the intercept of the line on the h 
axis. But as, theoretically, this intercept should be independent of 
wind direction, this discrepancy is not to be considered as too much 
of a limitation on the above analysis. 
5.3.2 The relationship between the convective heat transfer 
coefficient and wind direction 
Table 5.5 has already presented values of the convective heat 
transfer coefficient, as derived from the linear regression equations, 
for each wind direction as evaluated at 3 values of V 6R* The values 
of V chosen represent approximately the extremes and the mid point 6R 
of the wind speed ranges encountered. It must be noted that, in all 
cases, the values for V 6R 0 ms 
-1 are extrapolations outside the 
ranges considered, by 0.3 0.8 ms- 
1 depending on wind direction. The 
V 6R =6 ms- 
1 for the 1800 wind direction is also an extrapolation 
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1 
outside the range encountered by 1.1 ms- . Whilst a regression 
equation is only strictly valid over the range of the independent 
variable which occured in the data used, the extrapolation in this 
case is justifiable due to the basic linearity of the data and the 
fact that the extrapolation is only made to a maximum of 20% outside 
the range encountered. Figure 5.23 presents the values derived from 
Table 5.5, graphically. 
Bearing in mind the points made in the earlier sections of this 
Chapter on the scatter of the data, two basic features emerge from 
Figure 5.23. Firstly, as stated earlier the natural convection 
coefficient, as defined by the intercept of the regression line with 
21 
the y-axis, can be given by h=8.1 t 4.2 Wm- K- . Secondly, for wind 
speeds greater than zero, the convective heat transfer coefficient 
shows a slight but distinct dependence on the wind direction, this 
variation becoming more distinct the greater the wind speed. The 
convective heat transfer coefficient is at a minimum for a wind 
direction of 1800, i. e. when the collector surface is leeward, rises 
to a maximum when the wind is blowing approximately parallel to the 
long axis of the building, and again reaches a local minimum when the 
wind is blowing directly normal to the plate surface i. e. 00, the 
local minimum lying between the two extreme values. 
The maximum difference between values of h for each wind 
direction - as predicted by the regression lines - occurs at the upper 
end of the wind speed range. At V 6R = 6ms- 
1 h(1800) = 16.2 Wm-2fl 
21 
and W-450) = 29.1 Wm- K- . These figures represent approximately 
30% deviations from the mean value, therefore, especially at these 
higher wind speeds it would be unwise to predict h using relationships 
which showed no dependence upon wind direction. 
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Sparrow [19821 measured the convective heat transfer from an 
isolated model roof structure placed in a wind tunnel (see Section 
3.3.4 for further details of this work). He concluded that the 
convective heat transfer coefficient was essentially similar for both 
windward and leeward wind flows, i. e. 00 and 1800, and that no 
sheltering effect was observed when the roof surface was leeward. The 
results of this current series of experiments are in direct conflict 
with those of Sparrow in that the 1800 wind direction produces the 
lowest heat transfer coefficient. 
This must not be taken as a complete repudiation of Sparrow's 
conclusions. It does, however, serve to illustrate the inadequacy of 
using wind tunnel model tests to predict full-scale convective heat 
transfer behaviour in the outdoor environment. Especially if the 
model and full scale buildings have dissimilar geometries or are 
subjected to different types of wind flows. For example, in Sparrow's 
work the model consisted of the roof pitch only and the heat transfer 
surface was flush with the roof. The test surface was also subjected 
to a uniform wind flow with a low turbulence level. The natural wind 
is a shear flow with high levels of free stream turbulence. 
The dependence of h upon wind direction does, however, show 
reasonable agreement with the later model work of Kind [19831 as 
described in Section 3.6.5. Kind states that the convective heat 
transfer coefficients, for his model, were highest when the collector 
array was aligned with the wind direction i. e. ± 900 and lowest when 
the collector array is on the leeward side of the building i. e. 0 
± 1351 and 1800. 
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A further detailed comparison of the work of Kind with that 
undertaken here is not advisable because, apart from the obvious 
differences between model and full-scale work, Kind modelled 
collectors which were flush with the roof and the convective heat 
transfer coefficients were measured at wind speeds evaluated at the 
mid collector height not at a height of 1.5m above the roof. 
The reason for this variation of h with wind direction could be 
due to the fact that differing flow regimes or local wind velocities 
over the plate may be created by the wind blowing at various angles to 
the building. An examination of the flow regimes around and over the 
building was not possible in the full scale work. 
5.4 Relationships Involving the 10m Meteorological Wind speed, V. 
. 
5.4.1 The relationship between V and V 
-: -6R-=-'-'l 0 
One of the major problems encountered in comparing convective 
heat transfer experiments is that of the varying positions at which 
wind speed measurements are taken. This has already been discussed, 
in Section 3.7, for the case of comparing various full scale 
measurements from high rise buildings. 
The most widely available wind speed statistic in the UK is the 
meteorological 10m wind speed, V 10* Ideally continuous measurement of 
this wind speed should have been made concurrently with the convective 
heat transfer measurements. Because of the reasons stated in Sections 
4.5.5 it was not possible to do so. However, it was possible to take 
enough measurements of the 10m wind speed, V10, over open terrain, 
i. e. the playing field in front of the building, to make a reasonable 
comparison with the roof wind speed V 6R* By examining 67 
simultaneously recorded mean hourly values of V 6R and V 10 the 
following regression line was developed. 
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v 0.48 V+1.17 ms- 
1 (1 .3<V< 12.0) 
(5.35) 
6R ': 10 10 
0.938 
The above equation represents data obtained from several wind 
directions, and the high value of r indicates that there is little 
dependence of the relationship on this parameter. Examination reveals 
that equation 5.35 predicts that V 6R will have a value of 1.17 ms- 
1 if 
1 V 10 =0 ms- . This, at 
first, may seem unreasonable, for two sites so 
close together, for one to experience absolutely calm conditions and 
the other not. However, it must be remembered, that these absolute 
conditions occur very infrequently, and that the data on which 
equation 5.35 is based is heavily biased towards the upper end of the 
range of wind speeds considered. Sharples [19811 in making a similar 
comparison between the wind speed over a building roof, VR, and the 
10m wind speed found intercepts as large as 6.6 MS- 
1 
1 
For wind speeds of V 10 > 2.5 ms- . 
Equation 5.35 predicts the 
expected relationship between wind speeds measured at two heights i. e. 
the lower the measuring point the lower the measured value of the wind 
speed. However for V 10 < 2.5 ms the value of 
V10, as predicted by 
equation 5.35 is less than V 10' 
Under normal circumstances wind speed increases with height 
above the ground and the temperature of the air decreases. However, 
if a temperature inversion occurs, as often happens over open country 
on clear nights, the inversion layer will be calm or with only a 
gently drift of air. Under these conditions the variation of wind 
speed with height can be quite complex and may depend upon local 
topographical influences. This phenomena goes some way towards 
explaining the relationship between V 6R and V 10 as predicted by 
equation 5.35. 
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5.4.2 The relationships between the convective heat transfer 
coefficient and V 10 
Because concurrent measurements of the convective heat transfer 
coefficient and V 10 were not generally possible, the only method of 
obtaining an-expression relating these two parameters is by direct 
substitution into the regression equations presented in Table 5.1. 
This has been done and the results are presented in Table 5.7. Figure 
5.24 shows these relationships graphically. This replotting, in terms 
of the meteorological wind speed, has the effect of "flattening out" 
the relationships changing their slopes quite radically. By this 
direct substitution the intercepts are also increased. This 
highlights the fact that different, absolute, relationships between 
the convective heat transfer coefficient and the wind speed, may be 
obtained merely by measuring the wind speed at different heights or 
locations. 
Due to its general availability it is recommended that any 
further full scale measurements of convective heat transfer in the 
natural environment should include, if possible, concurrent 
measurements of the 10m wind speed. This measurement should be made 
at a position close too, but free from the influence of, the site 
under test. 
The only other work on convective heat transfer which has 
included measurements of the 10m wind speed V 10 is that by Sharples 
[19811. This series of experiments has been described in Section 3.7. 
Figure 5.25 shows the hvV 10 relationships for two sites on the 18 
storey tower block used by Sharples for his experiments, together with 
the relationships found in this series of experiments for 0= 1800 
and -450. Both pairs of lines represent the extremes of the 
regressions found in each case. 
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An in depth comparison between the two series of experiments 
would be unwise. Sharple2 building was some 15 times the height of 
that currently under study, of a completely different geometry and the 
surfaces used for the heat transfer experiments were vertical. The 
wind speed measurements were made at a site some 400m distant from the 
building, which was not completely exposed. Finally the relationships 
presented in Table 5.7 were derived indirectly. However, it is 
interesting to note that the relationships show some agreement 
indicating that convection relationships developed at sites of 
differing geometries can be compared if sufficient attention is given 
to the location of the wind speed measuring position. 
Green et al (19811 recommend. that if the 10m wind speed is 
known then the equation due to Sparrow et al [19771 be used for the 
evaluation of h, which for this case is: 
h=5.1 Vio 0.5 Wm-2 K- 1 (3.36) 
A comparison of this equation and the 10m wind speed expressions 
obtained here for E) = 18011 and E) = -450 is given in Figure 5.26. 
From this it can be seen that Sparrows' equation underestimates 
h, the comparison being worse for the -450 direction than the 1800. 
An obvious fault of Sparrows' equation is his failure to take into 
account natural convection effects. Whilst Green states that 
Sparrows' equation is only strictly valid for wind speeds in the range 
4.5 - 24.0 ms- 
1,10m 
wind speeds lower than 4.5 ms- 
1 
will often be 
encountered. Therefore if the 10m wind speed is known it is suggested 
that the relationships presented in Table 5.7 be used for the 
evaluation of h. 
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5.5 The Relationship between V and the Free Stream wind speed L--L6 R- 
Measured at the Same Height above open Ground V. 
The results of most full-scale convective heat transfer 
experiments have been correlated in terms of a wind speed measured at 
a specific point above the test building, e. g. Ito et al [19721. 
There have been suggestions by Evans [19801 that wind speeds above 
high rise buildings are effected by the building as much as 8m above 
it. 
Whilst not, perhaps, of fundamental importance in these 
experiments it was felt it would be of some interest to compare the 
wind speed as measured over the roof to that measured at a similar 
height, above the ground, over open terrain, V 6* 
By examining 70 mean hourly values of the two wind speeds it was 
possible to obtain the following relationship: 
1 v 6R = 0.61 V6+0.50 (2.0 <V6< 13.0) ms- , 
(5.37) 
0.953 
Again, as with the correlation with the 10m meteorological wind 
speed, no major directional effect was observed. Hence the wind speed 
as measured above the roof is generally much lower than that measured 
in the free stream. This gives a further indication that any 
convective heat transfer correlations involving a wind speed measured 
above a building structure will be unique to that site. The 
application of such results to other buildings, especially of 
different size or geometry, must be approached with caution. 
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This also lends further weight to the argument that in all 
forced convection experiments, full-scale, or model, h, be correlated 
against a standardised wind speed. As one of the main reasons for 
undertaking this type of experiment is often to produce results which 
can be applied to similar building geometries elsewhere i. e. without 
measurements of h being taken at that site, then a design wind speed 
must also be known. It is, therefore, reitterated, that future 
convective heat transfer measurement be correlated directly with the 
meteorological 10m wind speed which is the only wind speed statistic 
which is widely available. 
5.6 Relationships Involving the Free-Stream Wind Speed as Measured 
at the Mid-Plate Height V LE 
5.6.1 The relationship between V6. and V 
One further wind speed measurement was felt to be of interest, 
that of the free-stream wind speed measured at mid-collector height 
v H* This height is 3.6m in this series of experiments. The 
importance of this wind speed lies in the fact that the most recent 
model studies carried out in this area, i. e. those of Kind et al 
(19831 which are described in Section 3.6 correlated the beat transfer 
results with this wind speed. It is also recommended that this wind 
speed be used as the input to the current dimensional equations used 
to predict the wind loss from flat plate solar collectors, as 
discussed in Section 3.8. 
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Two points must be noted in the discussion of the VH data. 
Firstly, the measurement of VH was made at a different location to 
those of V6 and V 10 i. e. at a distance some 150m away from the test 
building, as opposed to 80m for the other two free-stream wind speeds. 
This was for no specific technical reason, and was only due to the 
fact that the previously used area of the playing field was required 
by the groundsmen for preparation of the turf. 
Secondly, the range of wind speeds covered by this series of 
experiments was much less than that for V6 and V 10* Further 
measurements were not possible, i. e. to obtain a greater range of wind 
speeds, because at this time the chart recorder used for the 
measurement of VH was vandalised making it inoperable. These two 
points further illustrate the problems of making full-scale 
measurements in that the conditions under which the experiments are 
performed are often beyond the control of the experimenter. 
v 6R was found to be a linear function of VHi. e. 
v 6R = 0.65 VH+0.46 (0.5 <VH< 5-0) MS-1 (5.38) 
0.887 
This relationship is similar to that shown earlier for V 6R VV6 
i. e. equation 5.37. An analysis similar to that applied to the 
various regression lines of hvV 6RI i. e. to test if the slopes of the 
lines are different, was applied to the two regression equations. The 
result indicated that the slope of the lines were significantly 
different. 
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5.6.2 The relationships between the convective heat transfer 
coefficient and V 
Once again, as with the 10m wind speed it was not possible to 
make continuous measurements of VH during the full-scale experiments. 
Hence the relationships between h and VH were derived in a similar 
manner to those involving V 10 i. e. by 
direct substitution of equation 
5.38 into the regression equation presented in Table 5.1. The results 
of this substitution are given in Table 5.8. Figure 5.27 shows plots 
of the regression lines for 900 and 135' together with the lines 
developed by Kind et al [19831, for the same directions, and the line 
of Jurges [19243, quoted by Duffie and Beckman (19801 as being 
applicable if the wind speed at the midcollector height is known. 
There is relatively good agrement between the three references 
despite the discrepancies of geometry, in the case of Jurges, and size 
in the case of Kind. It must be noted that Kind's work is only 
strictly valid for wind speeds in the range 4-24 ms- 
1 
and those 
presented by Table 5.8 in the range 0-5 ms- 
5.7 Relationships Involving the Radiative Heat Transfer Coefficient, 
h 
In Section 5.15 it was shown that a radiative heat transfer 
coefficient, h r, could 
be derived in a similar manner to the 
convective coefficient, i. e. 
E- (aT 
4_R 
-2 
hrp (Ts 
s-T 
A) 
L Wm K (5.39) 
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All the parameters on the right hand side of equation 5.39 were 
either known or evaluated during the full-scale experiments. 
Therefore, it was possible to present mean hourly values of the 
radiative heat transfer coefficient from the upper surface of the 
heated plate. 
Equation 5.39 is an expression of the radiative energy balance 
on the surface, normalised in terms of the plate - air temperature 
difference. If the outgoing radiation from the surface c aT 
4 is 
P S. 
greater than the incoming, CPRL, and Ts>T A then hr will be positive. 
However if cp CIT 
4 
is less than CpRL and T >T A then the radiative 
heat 
transfer coefficient will become negative. This would indicate that 
there is a radiative gain at the surface. 
This series of experiments was designed specifically to examine 
a plate which was heated to a temperature above that of its 
surroundings so throughout the full-scale tests Ts was greater than 
T A* In all cases it was found that hr was positive, 
hence there was 
always a radiataive loss from the upper surface of the flat plate, 
i. e. Cp UT S4 was always greater 
than CpR. 
One of the main reasons for undertaking these measurements of 
hr was to be able to compare the heat loss from the upper surface of 
the plate by the two transfer mechanisms i. e. convection and 
radiation. The parameters which effect the convection loss i. e. wind 
speed and wind direction have already been discussed. It is therefore 
necessary to gain on understanding of the parameters which effect the 
radiative heat loss from the plate. If br can be paramaterised it may 
also be possible to obtain design values for the radiative heat 
transfer coefficient from a flat plate solar collector. 
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5.7.1 Parameterisation of the radiative heat transfer 
coefficient h 
It can be seen from equation 5.39 that hr is dependent upon 
Ep IT sITA and 
R L* CP is a constant and the other three parameters are 
measured during the experiment. It has been shown by previous workers 
that RL is a function of the ambient air temperature T A' 
(A full 
discussion of the dependence of RL on TA can be found in the review 
paper by Cole [19761). Atmospheric longwave radiation originates 
mainly from water vapour and carbon dioxide in the lowest few hundred 
metres of the atmosphere. Therefore clouds are powerful sources of 
atmospheric radiation and hence the value of RL will depend not only 
upon the ambient air temperature but also on the amount of cloud cover 
present over the measuring site. 
Two equations are generally accepted the first, for clear skies 
- due to Swinbank [1963] gives: - 
RL=5.31 x 10- 
13 TA6 wm- 2 (5.40) 
The second, due to Angstrom [19151, is for totally overcast 
skies and states: 
RL=0.96 CrT A4 WM-2 K- 
1 (5.41) 
Equations also exist for predicting the value of RL under 
partially overcast skies and these are also discussed by Cole [19761. 
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The'equations presented above are for long wave radiation on an 
horizontal surface. Inclined surfaces, such as the roof mounted 
heated plate receive radiation not only from the atmosphere but from 
the ground and any surrounding buildings as well. Therefore, the 
simple dependence of RL on TA may not hold for the situation under 
consideration here. 
In order to test this measured mean hourly values of RL were 
regressed against mean hourly values of T A' As previously given 
relationships between RL and TA are of a power law form than this type 
of curve fit was applied to the current data with the result that. 
RL=1.53 x 10- 
16 TA7.48 WM-2 (5.42) 
r=0.659 
where TA= Air temperature, 
The regression coefficient of equation 5.42 is significant at 
the p<0.001 level. 
In the light of the discussion presented above it can be 
expected that the radiative heat transfer coefficient hr will be a 
function of both the plate and the air temperature i. e. hr= NT sTA 
From equations 5.39 and 5.42 it would be possible to derive a series 
of curves of hrvTs for constant air temperature and of hrvTA for 
constant plate temperature. This process would be tedious to perform 
and would go little way to deriving a simple method for deriving 
design values of hr, as it would mean that both TA and Ts would have 
to be known. 
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5.7.2 The dependence of hr upon the plate - air temperature 
difference 
Initial examination of the data revealed that the radiative heat 
transfer coefficient lay in range 4.0 WM-2 K- 
1<hr< 
12.0 Wm- 2 K- 1f 
i. e. generally lower than the convection coefficient, and that the 
higher values of hr tended to occur at lower values of the plate - air 
temperature difference. Figure 5.28 shows a plot of hr vA T (Ts - 
TA). The values have been taken from the 0= 450 data file. It was 
not expected that hr would be dependent in any way upon wind 
direction, and this direction was chosen merely because it contained a 
large number of scans. 
From this Figure it can be seen that the information gained from 
the initial observation of the data is correct. However, it must be 
noted that for the lower values of AT there is a wide spread of values 
of hr. The scatter in the data is reduced at higher values of A T, 
but the number of data points for these higher temperature differences 
is less. 
A simple power curve fitting routine was applied to the data 
with the result that: 
hr= 19.2 AT-O' 32 (5.43) 
0.541 
Whilst this regression coefficient appears low it is still 
significant to the p<0.001 level. 
This type of analysis was performed on the data contained in 
each wind direction file, the results are presented in Table 5.9. 
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Table 5.9 Power law relationships between htand AT, 
by wind angle 
Wind Power Law Relationship Correlation An 9 le TK AT = (T S Coefficient 2 h- Wm- K- 
r 
00 = 39.9 N -0.59 h 0.657 r 
450 = 19.2 AT - 
0.32 h 0.541 
r 
goo = 33.6 AT-0 . 
50 h 0.781 
r 
135* = 15.2 AT -0.29 h 0.392 r 
1800 = 50.3 U -0.66 h 0.503 r 
-1350 = 14.4 AT - 
0.29 
h 0.409 
r 
-900 = 6.1 AT- 
0.05 
h 0.12 3 
r 
-450 = 32.3 AT -0.53 h 0.718 r 
5.7.3 Total heat loss from the upper surface of the heated flat plate 
It has already been shown that the convective heat transfer 
coefficient is a function of the wind speed. For a given constant 
energy input to the plate, the plate temperature may be expected to be 
a function of the wind speed, i. e. the higher the wind velocity the 
lower the plate temperature. So as the value of hr tends to decrease 
with plate - air temperature then it may also be expected to increase 
with wind speed. If this is the case then the total heat loss from 
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the upper surface of the collector will increase with wind speed. 
Hence the wind speed could be used to predict the total heat loss from 
the upper surface of the plate. To test if this hypothesis is true 
the mean plate temperature difference LT was regressed against the 
roof wind speed V 6R* There was 
found to be no real dependence of AT 
upon V 6R* To further emphasise this point a 
least squares linear 
regression line was applied to the data from the 45*; wind sector with 
the results that. 
T= -2.6 V 6R + 31.6 ,K 
(5.44) 
r=0.292 
The low value of r indicates that the application of this 
regression line would be inadvisable despite the fact that it shows 
the general trend predicted, i. e. AT decreases as V 6R increases. 
The total heat loss from the upper surface of the flat plate can 
be expressed as the sum of the two heat transfer coefficients, i. e. (h 
+hr=ht); h tends to increase with wind speed as should h r' 
Figure 
5.29 shows a plot of ht against the roof top wind speed V 6R for the 
450 wind incidence angle. Also shown in a linear least squares fit 
line which has the form. 
ht= 3.1 V 6R + 13.6 WM-2 K- 
1 (5.45) 
r= 0.737 
A similar analysis was applied to the data for the other wind 
directions and the results are presented in Table 5.10. 
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It can be seen from this table that the total heat loss form the 
upper surface of the plate can be adequately expressed as a linear 
function of the wind speed. As the slopes of the lines presented in 
Table 5.10 are generally the same or greater than those presented in 
Table 5.1 i. e. for the convection coefficient only, it can be said 
that the value of hr tends to increase with wind speed or is constant 
with that parameter. 
Hence, at least for the present set of measurements, the wind 
speed can be used as the parameter to predict not only the convective 
heat loss from the upper surface of the plate but also the total heat 
loss (convection + radiation). 
Conclusion 
The following points can be concluded from the full-scale 
measurements at the Norton Site. 
W For the range of wind speeeds measured over the roof i. e. 0.3 
V 6R < 7.2 
. 
ms- 
1 the convective heat transfer coefficient of 
the plate was found to be in the range 5<h< 35 Wm-2 K- 
1. 
(ii) The dependence of h upon the wind speed, as measured over the 
roof V 6R was found to be adequately expressed by linear 
relationships of the type. 
haV+b wm- 
2 
K- 1 6R , 
where the constants a and b are dependent upon wind direction 
(see Table 5.1). 
(iii) In general it was found that the greatest rates of heat transfer 
from the plate occurred when the wind was blowing parallel to 
the ridge line. 
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Uv) The lowest rates of heat transfer were found when the plate 
surface was leeward to the wind flow. 
(v) The wind speed over the roof V 6R was found to be a linear 
function of the free strearn wind speed V6 with V 6R being 
generally less than V6i. e. the presence of the building 
distorts the wind flow around it enough to affect the wind speed 
upto at least 1.5m above the ridge line. 
(vi) Linear relationships were found to exist between V 6R and both 
vH and V 10 (V H being the wind speed at mid collector height and 
V10 being the 10m meteorological wind speed). 
(vii) Hence linear relationships between h and both V 10 and VH are 
also given (see Tables 5.7 and 5.8). 
(viii) Radiative heat transfer coefficient values hr in the range 4< 
hr< 12 Wm-2 K- 1 were found during the experimental series. 
Ux) The radiative heat transfer coefficient could be adequately 
parameterised in terms of the mean plate - air temperature 
difference, AT, higher values of hr being found at lower 
values of AT (see Table 5.9). 
The mean plate - air temperature difference showed a slight 
dependence upon wind speed, it tending to decrease with this 
parameter. 
(xi) The total heat transfer coefficient of the plate i. e. h+hr 
was also found to be adequately expressed as linear functions 
of wind speed (see Table 5.10). 
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CHAPTER SIX 
DETAILS OF THE WIND TUNNEL MODEL EXPERIMENTS 
Introduction 
Chapters Four and Five described the experimental details and 
the results obtained from the full-scale convective heat transfer 
measurements. These experiments, whilst of fundamental importance, 
were difficult to perform, laborious to maintain and produced results 
which had large errors associated with them. 
Wind tunnel experiments tend to be easier to perform, yield more 
accurate results and offer the advantage that the parameters involved 
e. g. wind speed, air temperature, etc. are more controllable than in 
full-scale work. Therefore such a series of wind tunnel model 
experiments was performed. 
The objectives of the model studies were two fold, i. e. 
(i) To compare the results obtained with those of the 
full-scale experiments in order to assess the potential of 
extrapolating wind tunnel model-results to full-scale 
values. 
(ii) To compare the results with previous wind tunnel 
experiments performed on model buildings of a similar 
geometry, e. g. Kind et al [19831 or Kelnhofer and Thomas 
[19763. 
This chapter describes the essential features of the wind 
tunnel, models and instrumentation used for the performance of the 
wind tunnel model experiments. 
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6.1 A General Description of the Wind Tunnel used for the Model 
Convective Heat Transfer Experiments 
The model convective heat transfer experiments were performed in 
the boundary layer wind tunnel at the University of Sheffield. An 
exterior view of the tunnel is shown in Figure 6.1. The tunnel has a 
cross-sectional working area of 1.2 x 1.2m and an overall length of 
7.2m. The large working section design is based on a 1.2 x 1.2m 
module size, having a fixed roof and floor construction rigidly 
connected by steel frames. The side walls originally consisted of a 
series of 1.2 x 1.2m panels, six of which were made of 12.5mm thick, 
clear acrylic sheet, the other six being 25mm block board sheet 
painted matt black on the inside. 
The convective heat transfer coefficient of the model plates was 
to be evaluated in an essentially similar manner to the method 
employed in the full-scale measurements, i. e. a steady state energy 
balance on a flat plate. Therefore, the radiative gain at the plate 
surface had to be known, or evaluated. In order to make this 
parameter more easily defineable the clear acrylic panels were 
covered, on the outside, with thick matt black card. Whilst this 
coating in no way alters the emissivity of the internal surface of the 
acrylic sheet, it does perform the function of making the radiative 
environment inside the tunnel less dependent on the radiation 
conditions outside in the rest of the laboratory. These external 
conditions may vary considerably, due to the fact that the laboratory 
is lit by artificial lighting, and natural daylight from windows and 
skylights. Also as the temperature of the laboratory changes 
throughout the day, the longwave radiation emitted by the walls and 
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ceiling of the room will change. A full description of the evaluation 
of the radiative gain at the plate surface will be given in Section 
6.7. The roof of the wind tunnel was also painted matt black except 
for 3 small rectangular sections made of acrylic sheet. Theset 
originally used to allow artificial light into the tunnel, were also 
covered with black card. 
Recessed into the floor of the 5th modular section (5.4m 
downstream from the tunnel entrance) is a 1.1m diameter turntable, the 
upper surface of which is flush with the rest of the floor section. 
The models used for the convective beat transfer experiments were to 
be positioned at the centre of this turntable. The turntable, which 
was marked in 51, intervals could be rotated and fixed at any position 
so the models could experience the effect of the wind blowing from any 
direction. 
The wind flow was created by a constant speed fan, located 
upstream from the working section. This sucked air through the mouth 
of the tunnel and past the working sections, the air first passing 
through a fence - spire - roughness element configuration (described 
in the next section). With the fan running at its constant speed wind 
speeds in the range 3.1 - 25.0 ms- 
1 
gould be obtained. This variation 
is obtained by feathering the blades of the fan to the required pitch 
by blowing compressed air across its face. 
6.2 AD scription of the Method used to Create a Simulated 
Atmospheric Boundary Layer in the Wind Tunnel 
The simulation of the atmospheric boundary layer in wind tunnels 
has already been discussed briefly in Section 3.6.2t as have the 
characteristics of the natural wind (Section 3 . 6.1 ). In the wind tunnel 
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used for this current series of experiments the major characteristics 
of the boundary layer are simulated by the use of a fence-spire- 
roughness element configuration, as recommended by Counihan [19731. 
A honeycomb, 150mm thick with a 15mm cell size, was positioned 
at the inlet flare of the tunnel. The layer filled the entrance to 
the tunnel and served to straighten out the incoming flow. 
320mm downstream of the honeycomb was a castellated fence which 
spanned the width of the tunnel. The castellations were, alternately, 
195 and 230mm high, with a gap and castellation width of 150mm. 
Each gap in the fence was aligned with one of a set of spires 
which were positioned in a row across the tunnel 200mm downstream of 
the fence. The spires were triangular, with base dimensions of 200 x 
200 x 65mm and each tapered to an apex at a height of 900mm. 
Roughness elements immediately followed the spires. Each 
element was cut from foam rubber and measured 75 x 75 x 37-5mm high. 
The elements are arranged in a staggered array, each separated by 
150mm in the longitudinal-direction and 75mm in the lateral direction. 
Each row of elements spanning the tunnel width contained 8 units and 
there were 16 rows of elements between the spires and the section 
containing the turntable. This arrangement gives a total fetch length 
of roughness elements of 3.78m. 
The use of this threefold arrangement, as opposed to one which 
just uses rougness elements placed on the tunnel floor, means that the 
relatively short length of the tunnel is adequate to produce a 
boundary layer of reasonable thickness. This is because the fence 
provides an initial depth to the layer and the thus retarded flow then 
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mixes into the developing layer via the turbulence induced by the 
spires. Under ideal conditions the fence- spire combination should 
produce a flow at the first row of roughness elements identical to 
that which would have been developed had the elements extended over a 
longer fetch length. 
6.3 The Characteristics of the Simulated Atmospheric Boundary Layer 
Created by the Wind Tunnel 
The physical characteristics of the boundary layer produced by 
the method described in the previous section have been investigated by 
Lee [19771. Since this report was published the introduction of a 
more powerful fan system has rendered the wind tunnel capable of 
maintaining velocities much greater than Lee's quoted maximum of 9.8 
ms -1 . The relevant characteristics of the boundary 
layer may be 
expected to be slightly dependent on velocity. Lee measured these 
characteristics when the tunnel was running at its previous maximum 
speed (9.8 ms- 
1 ). As this speed lies approximately in the middle of 
the range currently available (3.1 - 25.0 ms 
-1 ), the findings of Lee's 
report can still be considered valid for this current series of 
experiments. This assumpýtion is given further credence by the work of 
Evans and Lee [19831. They examined the velocity profile of the 
boundary layer when the tunnel was running near its new maximum speed. 
The shapes of the two measured profiles were essentially identical. 
6.3.1 The velocity profile of the simulated atmospheric boundary layer 
The velocity profile is the most obvious characteristic of a 
boundary layer. An example of this profile, as measured over the 
centre of the turntable, is shown in Figure 6.2. The maximum velocity 
(in this case 9.8 ms-1) was obtained at a height of 800mm above the 
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centre of the turntable, is shown in Figure 6.2. The maximum velocity 
(in this case 9.8 ms- 
1) 
was obtained at a height of 800mm above the 
centre of the turntable. This velocity is maintained to a height of 
approximately 1100mm, and is known as the gradient wind speed V G' 
Above this height the boundary layer produced by the smooth roof 
exerts a retarding effect on the profile. It must be noted that the 
side walls will also produce boundary layers adjacent to their 
surfaces. Lee [19771 states that these layers are 125mm thick at the 
turntable centre position. This means that almost the entire 
turntable is subjected to uniform lateral flow conditions. 
It has been shown in Section 3.6 that a boundary layer velocity 
prof ile of this type can be described mathematically by two basic 
forms of equation. One, a power law, is best suited to a description 
of the entire profile. The other, of logarithmic form, better 
describes the velocity profile near the ground i. e. 
OL 
Z 
and 
v11 in ( zi (6.2) 
v 
*2 
iz Z0 
where V1 and V2 are the velocities at heights Z1 and Z2 above the 
tunnel floor, V* is the friction velocity, Zo is the roughness length 
and aand k are constants. The important parameters in these 
equations are the value of the exponent, Ot , in the power law equation 
and the roughness length, Zo, in the logarithmic equation. Lee gives 
the following values to these two parameters a= 0.29 and Zo = 
3.0mm. Comparison of this value of a with those shown in Table 3.3 
indicate that it lies at the upper end of the rural range and at the 
lower end of the urban terrain range. 
- 291 - 
Lee also quotes the friction velocity to be V=0.065 V. i. e. 
in the case of the profile shown in Figure 6.2 V 0.637. This 
value is in good agreement with that found by Flay [1982] for a site 
with similar surrounding terrain to the Norton site used for the 
full-scale measurements. 
6.3.2 The turbulence characteristics of the simulated atmospheric 
boundary layer 
The other main factors which are of importarice when simulating 
the natural wind in wind tunnels are the turbulence characteristics of 
the boundary layer (e. g. see Cermak [19751). It will be recalled from 
Section 3.5 that turbulence can be considered as three coplanar 
velocity fluctuations U1, VI and W1 superimposed upon the mean 
velocity of the flow V. 
The distributions of all three components of the turbulence 
intensity (See Section 3.5 for a definition of these parameters) based 
on both local and gradient velocity are presented by Lee. In the 
lower region of the layer, where models are likely to be placed, the 
turbulence intensities for all three components, i. e. longitudinalt 
vertical and lateral lie in the range 15-40%. This is in general 
agreement with the values found for the natural wind, as reported 
earlier in Section 3.6. In their non-dimensionalised form the 
turbulence intensity ratios are 
U* 2.58, 
V* 
=1 . 84, 
W* 
=1 . 23 v 
where U* zvl, u2, etc. 
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This is again in good agreement with the ratios given by 
Counihan [19751 and Flay [1982) as reported in Section 3.6.1 
Turbulence is further characterised by its longitudinal scale length 
LU 
x. 
This length was measured at 3 heights, Z, above the tunnel floor 
and was found to increase with increasing height, as in the natural 
environment. Its value ranged from LU x=0.255m at 
Z= 100mm to 
LU 
x=0.314m at 
Z= 400mm. 
The final quantity of interest in defining the characteristics 
of the natural wind is the Reynolds stresses. Lee shows that in the 
first 200mm above the tunnel floor these lie in the range 
0.003 < utvt < 0.0045 
A similar range given by Counihan [19751, covering both rural 
and urban terrains near the ground is 0.002 - 0.0045. Thus the values 
of (1, turbulence intensity and Reynolds stresses all agree reasonably 
well with the measured data from the natural environment over rough 
rural and urban terrain. The obvious mis-match lies in the values of 
Z0 and LU 
x. 
It is these parameters which govern the scaling factors 
to be used when producing models to be used in the wind tunnel. 
6.4 The Development of a Linear Scaling Factor to be used for the 
Model Convective Heat Transfer Experiments 
6.4.1 The basic modelling philosophy employed for wind tunnel 
convective heat transfer experiments 
For the evaluation of convective heat transfer from bluff 
bodies, the modelling guidelines are simple, i. e. that the shapes 
should be geometrically similar. This is because for a bluff body it 
is its shape alone which governs the flow characteristics around it, 
e. g. the flow will always separate at a sharp edge. The only possible 
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complication to this may arise from the fact that for flow over a 
plate the transition point from laminar to turbulent flow may alter 
with free-stream turbulence. As the free-stream turbulence in both 
the natural environment and the wind tunnel are of the same order this 
effect is minimised. 
Therefore, all that is necessary in this case is to make a model 
of the building under consideration with sufficient of its 
surroundings to constitute a realistic description of the site. It 
was felt that in this case this could be achieved by producing a model 
of the test building itself and of the small adjacent garage. Both 
Iqubal and Khatry [19761 and Kind et al [1983] followed this 
philosophy, in that they each measured the convective heat transfer 
from model buildings in isolation. It must be remembered, however, 
that Kelnhofer and Thomas [19761 examined the sheltering potential of 
nearby buildings in their model work, and found that some effect was 
noticeable. (See Section 3.6.4 for details). 
6.4.2 A discussion of the factors which effect the development of a 
linear scaling factor between the wind tunnel models and the 
I full-scale test building 
There are several factors which must be taken into account when 
deciding upon the linear scale to which the models will be 
constructed. The models must be made to a scale compatible with the 
wind tunnel size and with the scaling factor used to describe the 
simulated natural wind. They must also be of such a size which makes 
the performance of the convective heat transfer measurements as easy 
and as accurate as possible. 
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It was noted in Section 6.3.2 that the two lengths Z0 and LU x 
are generally used for the development of a linear scaling factor 
between the natural wind and its tunnel simulated counterpart. A 
further problem arises here due to the fact that neither of these 
parameters were actually measured in the full-scale work. No . 
measurements relating to the turbulence length LU x, at 
the Norton 
site, are available at all and it would be unwise to try and develop 
an expression for Z0 based on the measurements of the wind speed at 
various heights as described in Sections 5.4,5.5 and 5.6. This is 
because the wind speed measurements were made non-concurrently with 
each other and cover a height range of only 3.7 - 10m above the 
ground. 
By examination of the terrain surrounding the site and 
consultation of the terrain categories of Counihan [19751 shown in 
Table 3.3 it was decided to classify the site in the "rough" category. 
This encompasses rural to suburban sites and includes wooded areas. 
This classification at first sight, may seem a little puzzling. The 
most obvious feature of the terrain around the building is the long 
stretch of flat grassland in front of it. Classification by this 
terrain type would put the site into the moderately rough category, 
i. e. short grass, crops, etc. 
However, if the wind blows over two adjacent terrain typest for 
example the wind blowing over a city near the coast and on to the sea, 
then some distance must be travelled before the wind reaches 
equ ilibrium again, i. e. attains the characteristic profile of the 
terrain over which it is blowing. The change from one profile to the 
other will be gradual and will start with the layers nearest the 
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ground, becoming increasingly deep with fetch length. A fetch length 
of 1 km is generally required for the new profile to develop fully, 
(British Standards Institute - Code of Practice [1972]). For layers 
near the ground this distance will be shorter and will depend upon the 
type of terrain surrounding the building. The code of practice gives 
values of fetch length required for fully developed flow. These are 
repeated here in Table 6.1. 
Table 6.1 Fully Developed Flow Fetch Lengths for Various Ground 
Coverages 
Ground Fetch 
Coverage Length 
10% 500m 
15% 250m 
30% loom 
k 
The code does not make it clear exactly how these ground 
coverage percentages relate to each terrain category. However, in 
general the ground coverage will increase with increasing index of 
terrain category (see Table 3.3). The playing field in front of the 
test building offers the maximum change in terrain type, from that 
generally present in the locality, i. e. rural/suburban. The field 
has a ground coverage of zero and a fetch length of 250m, a distance 
well below that requried for a local profile of the atmospheric 
boundary layer to be created. It was for these reasons that the site 
- 296 - 
was placed in category 3 of Table 3.3 as this category best described 
the general terrain within 1km radius about the test site i. e. it is 
on the outskirts of a large city with well wooded parklands and forest 
areas in the vicinity 
6.4.3 The development of a linear scaling factor based on wind flow 
considerations only 
The value of Z0 for roughness category 3 lies in the range 1.0 - 
1.5m. Counihan [19751 shows that the value of LU x at 
the 
meteorological wind speed height of 10m lies typically in the range 
60-70M for terrain types with Zo in the range 1-2m. 
It is known that the value of Z0 for the wind tunnel is 3mm. 
Direct comparison of this value with the mid value of the full scale 
range gives a scaling factor of (adopting equation 3.67 due to Jensen 
[19581) 1.25/. 003 = 417. The scaling factor based on the turbulence 
length scales is less easy to determine because their values change 
with height an iterative process must be performed in order to 
evaluate the scale factor. 
This procedure has been described in detail by Cook[19781- It 
was performed by Lee (19771 using his measured wind tunnel data and 
the empirical equation for the longitudinal integral scale of 
turbulence in the natural wind as developed by the Engineering Science 
Data Unit, i. e. 
0.35 
LU = 
25 (Z) (6.3) 
Z 0.063 
0 
Using this method Lee obtained scaling factors of 320,370 and 
415 - depending upon the height used in the first iteration. He 
therefore concluded that a scaling factor of 350 was adequately 
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represented by the tunnel characteristics. It would, therefore, seem 
that the ideal scale to employ, with regard to the flow 
characteristics of the wind, would be somewhere in the region of 
1: 375. 
6.4.4 A discussion of the reasons for rejecting the scale factor as 
developed from wind flow considerations only 
If a model of the test building was built to the scale developed 
in Section 6.4.4 it would have plan dimensions of 25.6 x 14.9mm and a 
height of 12.2mm. The convective heat transfer surface would have the 
approximate dimensions 5.3 x 2.6mm. Aside from the practical 
difficulties which would be encountered in producing a heater plate 
this small (the smallest heater unit encountered in the survey of 
previous work performed in Chapter Three, was that due to Kelnhofer 
and Thomas [19761 and it measured 12.7mm in diameter) the range of 
Reynolds numbers available would be greatly reduced from those of the 
full-scale work. 
The literature survey also showed that only one piece of 
comparable work had been previously performed, involving a model with 
a heated section placed upon it. This was the work of Kind et al 
(19831 described in Section 3.6.5. Kind used a stated model scale of 
1: 32, and his building has plan dimensions of 356 x 270mm. His heated 
surface consisted of 6,76 x 38mm, plates. This size of building and 
plate would cause minimal constructional difficulties and lead to the 
availability of a larger Reynolds number range. This size keeps the 
blockage, by the model, of the air flow in the tunnel to an acceptable 
level, which for this tunnel is approximately 3-5% (Lee and Evans 
[19841). 
- 298 - 
6.4.5 The development of the linear scaling factors finally used for 
the wind tunnel model studies 
Lee and Evans [1984] also used the boundary layer wind tunnel, 
described in Section 6.1, for their measurements of wind flow patterns 
across building roofs. They modelled the BRE standard semidetached 
house - described in Section 4.1.3 using a scale of 1: 50. They state 
that there is little to be lost by a slight relaxation of the scaling 
lawsp as developed in Section 6.4.3. The reason for this is that it 
is not known with any precision which of the flow parameters are 
primarily responsible for governing the shapes of flow patterns around 
bluff bodies. 
This point is discussed further by Lee (19821, who postulates 
that the mechanics of the flow separation process may be dominantly 
dependent only upon the higher frequency part of the turbulence 
spectrum of the incident flow, i. e. not upon the large scale eddys of 
which LU 
x 
is a describing parameter. It has been shown that the 
convective heat transfer to a flow with high free-stream turbulence 
levels is independent of LU x 
i. e. Kestin [19611. 
It is therefore concluded by Lee and Evans (19841 that, 
providing the scaling factors of the model and flow are of the same 
order and the relative mean velocity and turbulence distributions are 
correct, then the scaling laws as developed earlier can be relaxed 
with the confidence that any results obtained will still be reasonably 
accurate. 
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With all the above points in mind it was decided to conduct two 
series of model experiments using the linear scales of 1: 32 and 1: 64. 
The 1: 32 scale was chosen because of its comparability with the work 
of Kind et al [19831; the 1: 64 because it would afford an opportunity 
to observe any scale effects as the model tended towards the scaling 
factor as derived from wind flow considerations, whilst still being of 
such a size that the convective heat transfer measurements could be 
performed accurately. Both scales, of course, are reasonably in line 
with that used by Lee and Evans [19841 for their wind flow pattern 
experiments in the same wind tunnel. 
This means that the value of Z0i. e. 3mm represents full-scale 
values of 96 and 192mm for the 1: 32 and 1: 64 scale cases respectively. 
These full-scale values of Z0 lie in the moderately rough terrain 
category which represents short grass and crops, etc. A height of 10m 
is represented by scale heights of 312.50mm and 156-25mm. The 
measured values of LU in the wind tunnel lie in the range 0.255 - X 
_0.314m 
over this scale height range. Taking an average value of 
_0.285m and multiplying 
by the two scaling factors gives values of LU x 
9.1m and 18.2m. These values are some 3 to 6 times less than 
yalues measured at a similar height in the outdoor environment. The 
scale mismatch of Z and LU must be noted when comparing this series 0x 
. 
of experiments with model studies by other workers or with the 
full-scale tests conducted earlier. 
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6.5 A Description of the Model Buildings used for the Wind Tunnel 
Convective Heat Transfer Experiments 
As stated in Section 6.4.1 the test building was to be modelled 
in isolation except for the inclusion of the small garage immediately 
next to it. In each case i. e. 1: 32 and 1: 64 scales, the model test 
building was fabricated from sections of 6mm thick aluminium sheet and 
the small garage milled from a solid block of hard wood. Both 
buildings were modelled as plane sided structures. Minor 
architectural details such as eaves, gutters, the slightly rounded 
ridge line and window recesses were not modelled. This approximation 
to the actual building structure was felt justified in the light of 
the work of Sparrow [1982] and Kind et al [19831, both of whom 
concluded that for their model studies the effect of one of these 
features, i. e. eaves, on the convective heat transfer coefficient was 
minimal. Figures 6.3 and 6.4 show the dimensions of the model 
buildings for the 1: 32 and 1: 64 scales respectively. The maximum 
blockage offered to the flow is by the 1: 32 scale model when the wind 
in blowing directly normal to the roof surface. This represents a 
blockage ratio of 3.4%. The ratio of model height to boundary layer 
is 1: 6 for the 1: 32 scale and 1: 12 for the 1: 64 scale. This blockage 
percentage and the height ratios are considered acceptable in normal 
tunnel modelling practice. 
The walls, gable ends and roof sections of the test building 
were all manufactured from the 6mm thick aluminium sheet and were 
joined together usir)g counter sunk allen-screws. A base plate was 
I 
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also included in the construction which gave the building stability 
and allowed it to be secured firmly to the wind tunnel's wooden turn- 
table at the required position. Both the base plate and the turntable 
had circular slots cut into them. This was to allow the passage of 
any instrumentation leads from the model to outside the wind tunnel. 
A rectangular slot was cut in one roof section of each test 
building model; this was to accommodate the heated plates, which will 
be described in Sections 6.6-. 2 and 6.6.3. The dimensions of these 
slots were 58.8 x 33.4mm, for the 1: 32 scale model and 17 x 34mm from 
the 1: 64 scale case. 
In one of the gable ends of each model was drilled a 1mm 
diameter hole; this was to allow a T-type thermocouple to be led 
through the model building and positioned 10mm above the ridge line. 
The thermocouple was held in place by a small piece of adhesive tape 
and facilitated the measurement of the air temperature in the wind 
tunnel. 
On the opposite gable end two small brackets were located; these 
were to enable the shaft of a hot wire anemometer probe to be 
positioned at a scale height of 1.5m above the ridge line in a similar 
position to the cup anemometer in the full-scale measurements. The 
scale heights for the 1: 32 and 1: 64 scale models are 47mm and 23.5mm 
respectively. This probe and its calibration will be described in 
Sections 6.8.2 and 6.8.3. 
The milled hardwood blocks which represented the scale models of 
the small garage were fitted with recessed brackets which enabled them 
to be secured firmly to the tunnel turntable with wood screws. 
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6.6 The Heated Plates used in the Model Convective Heat Transfer 
Studies 
6.6.1 The choice of the heating element to be used for the 
model convective heat transfer studies 
The heated plate used for the full scale convective heat 
transfer experiments had overall dimensions of 1.93 x 1.01m with an 
active heated surface of 1.81 x 0.89m i. e. the characteristic length 
of the heated surface was 1.193m - as defined in Section 2.2. Table 
6.2 presents the ideal dimensions, and characteristic lengths required 
for the active surface of the heated plate for each model. 
Table 6.2 Ideal Dimensions and Characteristic Lengths Required for 
the Active Surface of the Heated Plate for each Model Scale 
Dimensions Characteristic 
Scale Length 
mm mm 
1: 32 56.6 x 28.3 37.7 
1: 64 27.8 x 13.9 18.5 
It would also be desirable for the width of any framing of the 
plate to have scale linear dimensions also. For the 1: 32 scale this 
width would be approximately 2mm and for the 1: 64 scale imm. Any 
material used for the framing should have some thermal insulation 
properties in order to minimise the heat loss from the edge of the 
plate. 
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There were two basic options in the choice of element to be used 
for the heated plate. To either obtain a commercially produced unit 
of the required dimensions or, if none were available, to manufacture 
a plate of the required size from electrically conducting material. 
Kelnhofer and Thomas [19761 in their model work had used strain 
gauges as heating elements. They states that the construction of 
heater units using these gauges required considerable care - 
presumably due to their delicate nature. A search through the 
literature of the manufacturers of strain gauges revealed that no 
units of the required dimensions were available. 
Another possible source of a commercially available heating unit 
was thought to be platinum resistance thermometers. Burns (19761 in 
his measurement of the convective heat losses from a glass panelled 
room, placed on the top of a4 storey building in Glasgow, used 
platinum resistance thermometers as his heating device. These units 
are far more durable than strain gauges. They consisted of a platinum 
element attached to an alumina sustrate and protected by a thin 
plastic film. 
Matthey, the manufacturer of the "Thermafilm" resistance 
thermometers used by Burns [19761 was consulted and it was found that 
the units were available in two basic sizes i. e. 25.4 x 25.4mm and 5.0 
x 32. Omm. Used individually neither of these units would satisfy the 
dimension criteria of the ideal heater size required. However, it is 
possible to connect these units, electrically, in series. If two of 
the larger units were connected in this manner this would lead to a 
heating element with dimensions of 50.8 x 25.4mm. This would have a 
characteristic dimension of 33.8mm, which is only some 10% less than 
that required for 1: 32 scale heated plate. This was felt adequate and 
this system of heater units was used for the 1: 32 scale heated plate. 
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For the 1: 64 scale series the smaller units were considered. It 
was found that 3 of the smaller units connected in series would give a 
plate with an active surface with dimensions of 32.0 x 15-Omm and a 
characteristic length of 20.4mm. As this length is only some 10% 
greater than the ideal case presented in Table 6 it was felt that this 
combination could be used for the 1: 64 scale plates. 
6.6.2 The construction details of the 1: 32 scale model heated 
plate 
The construction of this model heated plate was very similar to 
that used in the full scale. It was a sandwich construction consist- 
ing of a metal plate, heating elements and insulation foam - held 
together and compressed by a rigid frame (see Figure 6.5). 
The 50.8 x 25.4mm upper plate was made from 2mm thick copper 
sheet and instrumented with 3 T-type thermocouple of a similar nature 
to those used in the full scale work. These thermocouples were 
mortised into 1mm deep grooves cut in the exposed surface of the 
plate, their heads being at the positions shown in Figure 6.5. This 
figure also shows the 3mm balsa wood frame which surrounded the copper 
plate and the 1mm wide perspex frame which held the construction 
together. The leads from the 3 surface thermocouples were fed between 
the edge of the heated plate and the balsa wood frame. Both the upper 
surface of the copper plate and the balsa wood frame were sprayed matt 
black with the same type of paint used in the full-scale experiments. 
Across the balsa wood frame at the position shown in Figure 6.5, 
i. e. at the mid point of one of the short sides of the plate, a 
further pair of thermocouples were placed. Readings from these 
instruments, along with a knowledge of the thermal conductivity of the 
balsa Wood frame, would enable the heat loss through the frame to be 
evaluated. 
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Beneath the copper plate was, of course, the two, series 
coupled, resistance thermometers. These heaters, when connected to a 
d. c. power supply, would provide resistive heating to the copper plate 
from beneath. The copper plate would help even out the temperature 
distribution of the surface. The heaters, together, had exactly the 
same area as the copper plate, and each was 1mm thick. By making the 
balsa wood frame 3mm deep the back surface of the heater units were 
flush with the bottom edge of the balsa frame. 
To the back of the heating elements was attached a T-type 
"Comark" self adhesive patch thermocouple measuring 25 X 10mm. The 
thermocouple was sandwiched between the element and the top of the 
layer of insulation foam. This foam completely filled the back of the 
plate and balsa wood frame area and extended below it to a depth of 
50mm. Attached to the back of the foam was another patch type 
thermocouple. Readings form these two patch thermocouples and a 
knowledge of the thermal conductivity of the foam enabled the back 
loss from the heaters, by conduction, to be evaluated. The 
manufacturers of the foam - DOW Chemical Co. Ltd., supplied the figure 
of 0.033 Wm- 
1 K- 1 for this parameter. 
All the leads from the previously mentioned thermocouples were 
led through a tight fitting slot cut in the foam, as were the power 
leads to the heating elements. The thermocouple leads were all 300mm 
long and terminated at standard miniature thermocouple connectors. 
The power leads were terminated at the male half of a 2mm diameter 
Jack plug. 
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16mm below the top edge of the plate surface perspex lugs were 
cemented to the long edges of the perspex frame. When the plate was 
located, from behind, in the slot cut in the roof section, these lugs 
enabled it to be secured firmly in position with its top surface the 
required scale distance above the roof slope i. e. 10mm. The perspex 
frame was cemented together using plastic cement and given further 
strength by the addition of aluminium corner brackets below the 
locating lugs. 
6.6.3 The constructional details of the 1: 64 scale model 
heated plate 
The constructional details of the 1: 64 scale model heater plate 
are essentially similar to that used in the 1: 32 scale tests. Some 
differences, however, are apparent; these are discussed below. 
Because of its smaller area only 2 surface thermocouples, not 3, 
were used. These were positioned with their heads on the centre line 
between the two long edges of the plate and 8mm from each of the short 
edges. No balsa wood fram was included in the construction, the plate 
being directly attached to the perspex frame. The edge loss from the 
plate was estimated using the mean temperature of the plate surface 
and the temperature given a thermocouple morticed flush with the 
outside of the perspex frame and a knowledge of the thermal 
conductivity of the perspex. A balsa wood frame was not included in 
this 1: 64 scale construction because the characteristic length of the 
model already exceeded the ideal length required. 
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The final differences between the 1: 64 scale plate and that 
described earlier are that the insulation backing foam only extended 
35mm below the heater units and the locating lugs enabled the plate 
surface to be positioned 5mm above the roof. This is, of course, the 
correct height for the 1: 64 scale 
6.6.4 The theoretical basis for the evaluation of the 
convective heat transfer coefficient from the model 
heated plates 
The theoretical basis for the calculation of the convective heat 
transfer coefficient in these model studies was essentially similar to 
the procedure used in the full-scale work i. e. a steady state energy 
balance on the upper surface of the flat plate. However several 
fundamental differences are apparent. 
There was no need to take account of the short wave gain at the 
plate surface as non was present in the wind tunnel. Due to its 
increased thickness to area ratio edge losses were felt to be 
important and these were evaluated in the manner described in Sections 
6.6.2 and 6.6.3. The heat loss down the surface thermocouple and 
power leads was also evaluate using Fourier's conduction law. It was 
assumed that their "hot ends" were at the temperature of the plate and 
that the connecting blocks were thermally massive enough to act as an 
isothermal junction at room/tunnel temperature. 
The convective heat transfer coefficient can then be evaluated 
rom: 
IE/A + CR L-q con caT p4 h=- (6.4) 
Ts-Tt 
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where I= The current to the plate, amps 
E= The potential across the plate, volts 
A= The area of the plate, m2 
RL= The incident radiation upon the plate, Wm-2 
q con = 
The total conduction losses from the plate i. e 
through the frame, back insulation and down the 
thermocouple and power leads, Wm-2 
The emissivity of the surface' = 0.9 
Stefan's constant = 5.669 x 10- 
8 wm- 2 K- 4 
TP= The surface temperature of the plate, taken as the 
the average of the 3/2 surface thermocouple readings, K 
Tt= The air temperature of the tunnel as measured by 
the gable end mounted thermocouple, K. 
The values of I, E, Ts and TA were all to be recorded during the 
experiment and hence all the terms on the right hand side of equation 
6.4, with the exception of R L' could be evaluated 
directly. Continuous 
recording of this parameter was not possible, as the only instruments 
available for its measurement e. g. a net radiometer was of a similar 
order of magnitude in size as the model buildings themselves. If this 
device was placed in the wind tunnel close to the model buildings it 
would induce unrealistic flow conditions over them. Therefore a 
separate series of experiments was undertaken to determine the 
radiative gain at the plate surface. 
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6.7 The Evaluation of the Radiative Gain at the Model Plate 
Surface 
In order to obtain a steady state energy balance on the plate 
surface, it was necessary to assess the radiative environment of the 
wind tunnel. This was done by using a net radiometer similar to that 
used in the full scale experiments - described in Section 4.5.2. It 
was assumed that no short wave radiation was present in the tunnel and 
hence the radiation levels recorded by this device consisted of long 
wave radiation only. 
The radiometer was placed on a bracket over the centre of the 
tunnel turntable at a height of 75mm and on angle of 350 to the 
horizontal. This height represents the mid point between the heights 
of the two model collector panels and the inclination is of course the 
same as the roof pitch. 
By rotating the turntable it was found that the radiation level, 
RL was insensitive to the direction in which the radiometer was 
pointing. This is because of the reasonable uniformity of the 
emissivities of the surfaces "seen" by the thermopile. The other 
parameter on which the radiation level will depend is the 
temperatures of these surfaces, which in turn will depend on the 
tunnel air temperature. Using the laboratory's heating system and 
running the wind tunnel fan at various speeds it was possible to 
create tunnel air temperatures, Tt, in the range 290-297 K. 
Over this range a linear relationship between the two parameters 
was developed, i. e. 
RL=4.87 Tt- 1011.84 WM-2 (6-5) 
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Figure 6.6 shows a plot of this line over the given temperature 
range along with the lines developed from Stefan's law for black body 
radiation, with E: = 1 and E=0.98, also based on the tunnel air 
temperature. The three lines are very similar over the measured 
range. Equation 6.5 was used in the evaluation of the radiative input 
to the plate, Tt being measured by the gable end mounted thermocouple. 
6.8 Other Instrumentation used in the Model Convective Heat 
Transfer Study 
As stated in the introduction to this Chapter, there are two 
main objectives to this series of model experiments. Firstly, to 
compare the results of this work with similar studies also performed 
in wind tunnels, and secondly to try and relate the results the model 
experiments to those obtained from the full scale test site at Norton. 
In all cases the convective heat transfer coefficient will be, 
primarily, correlated with wind speed. Most previous experiments 
which have been performed in wind tunnels have related the convective 
heat transfer coefficient with the maximum free stream wind speed in 
the tunnel. In this case it is the wind speed at the top of the 
boundary layer, V G* By measuring 
this wind speed it is also possible, 
from equation 6.1, to obtain the unobstructed wind velocity at any 
height above the tunnel floor. 
It has already been shown in the full-scale work that the wind 
speed as measured over the roof, V 6R' is not the same as 
the wind 
speed measured, at a similar height over open groundp V 6* V 6R was the 
only wind speed which was measured continuously during full scale 
convective heat transfer measurements. It was, therefore, felt 
necessary to evaluate this wind speed in the wind tunnel. The rest of 
this section describes the instrumentation used for the evaluation of, 
V G, and the scale values of V 6R* 
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6.8.1 A description of the instrumentation used for the 
measurement of the gradient wind speed of the simulated 
atmospheric boundary layer 
The gradient wind speed, V G' i. e. that which exists at the top 
of the simulated boundary layer, was to be determined using a standard 
combined pitot-static tube and inclined water manometer arrangement. 
By inserting it through the tunnel ceiling the pitotstatic tube could 
be positioned so as to be able to measure the wind velocity in the 
constant speed region of the boundary layer. The-actual distance 
above the tunnel floor of the tube head was 850mm. Several standard 
texts e. g. Ower and Pankhurst [19771 deal with the operation of this 
type of arrangement and it will be dealt with here only briefly. 
The differential pressure, Ap, between the active and static 
head readings is proportional to the square of the flow velocity. By 
measuring Ap with a water manometer the velocity can be expressed in 
terms of the water column height Ch in mm H2 0 as: 
V=K /C-h ms (6-5) 
Where K is a constant dependent upon air temperature and 
pressure. Ower and Pankhurst 119771 give the following expression for 
K: 
T (6.6) K= 20-56 
/-fa 
b 
where Ta= Air temperature K 
b= Barometric pressure mm Hg 
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A further approximation can be made if the measurements are 
performed in air near normal temperatures and pressures. This 
approximation was used for the calculation of the air velocity in this 
series of experiments and gives: 
V=4.0 /C. ms (6.7) h 
The value of Ch was recorded manually during the experiments. 
6.8.2 A description of the instrument used to measure the 
scale roof wind speed, VR 
The measurement of the scale roof wind velocity, V 6RI was 
performed using a constant temperature hot wire anemometer. This 
probe consisted of a heated element surrounded by a 13mm diameter 
guard ring. The guard ring served the purpose of directing the flow 
over the heated element, and it was attached to the probe shaft, which 
was 6mm in diameter and 220mm long. The leads to the heating element 
were led through this shaft and were terminated at a standard 
electrical connecting block. 
Once the probe was located on the gable end of the model 
building using the brackets described in Section 6.5 it was connected, 
via the connecting block, to its electrical control system. This 
system, by utilising a feedback bridge circuito maintains the heated 
element at a constant temperature of 493 K. 
As the velocity of the air past the sensor increases, the sensor 
will cool due to convection with a resulting decrease in its 
resistance. This will cause the voltage to decrease, changing the 
input to a differential amplifier. Hence there will be an increase in 
- 313 - 
the output of the amplifier so the current through the sensor is 
increased. The gain of the amplifier is sufficient to keep its two 
inputs balanced. Any change in the sensor resistance is immediately 
corrected by an increase or decrease in current through the sensor. 
The output of the system is the voltage output of the amplifier 
which in turn is the voltage required to drive the necessary current 
through the sensor. Since the feedback keeps the resistances in the 
bridge circuit constant, the voltage across the bridge is directly 
proportional to the current through the sensor. Therefore, the square 
of the voltage output is directly proportional to the instantaneous 
heat transfer between the sensor and the air. The heat transfer is 
related to the velocity of the air flow over the sensor. Hence the 
voltage output from the circuit increases with air velocity. 
The non-linearity of the velocity meter can be approximately 
described by the semi-empirical equation given originally by King 
[19141 and later modified by Bradshaw [19711 i. e. 
A+BV0.45 (6.8) 
where h= The heat loss from the sensor 
and V= The flow velocity past the sensor 
A and B are constants dependent upon the fluid properties and its 
temperature. Because of this non-linearity and the fact that the 
performance of an hot wire anemometer may alter throughout its life, 
it was necessary to calibrate this instrument before use. 
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6.8.3 The calibration of the hot wire anemometer used to 
measure the scale roof wind speed, V 
The probe was calibrated in a small wind tunnel of 150 x 150mm 
cross-section against a standard pitot-static tube and inclined 
manometer arrangement. (This can be seen in the foreground of Figure 
6.1. ) Before being calibrated the probe sensor was cleaned by dipping 
it in a solution of Isopropyl alcohol. The output from the probe is 
slightly dependent upon the ambient air temperature, so the 
calibrations were carried out at a temperature close to that attained 
by the air in the wind tunnel under normal operating conditionso i. e. 
about 298 K. Maximum accuracy was achieved by re-calibrating the 
probe several times during the course of the wind tunnel model 
experiments. 
The probe was calibrated for wind speeds in the range 0-25 ms- 
1; 
the upper end of this range is slightly higher than the maximum speed 
available in the wind tunnel at the top of its boundary layer. A 
typical calibration curve is shown in Figure 6.7. 
6.9 Experimental Procedure used for the Model Convective Heat 
Transfer Experiments 
The model buildings were located on the turntable and securely 
fastened with screws, the heater plate and hot wire probe were 
positioned and all the relevant connections were made to the data 
logging device. This device was the same as that used in ýhe full 
scale work. Figures 6.8 and 6.9 show the two scale models positioned 
in the wind tunnel. All the thermocouple signals were to be recorded 
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by the logging system, as were the voltage input to the heated plates 
and the output from the hot wire anemometer. The reading from the 
inclined manometer and the current passing through the plates were 
recorded manually by hand. The plate current was needed to compute 
the electrical power supplied to the plate by the d. c. power source, 
which was connected to the heating elements via the 2mm Jack plug. 
The mainstream of experimental runs were to involve the 
measurement of the convective heat transfer coefficient from the model 
plate at a given wind velocity, VG, and for each of the wind direction 
009 ± 450, ± 900p ± 1350 and 1800. These directions correspond to the 
centre point of each wind sector used in the full scale measurements. 
Additional experimental runs were made to examine more closely the 
effect of wind direction. This was done by rotating the tuntable in 
10* or 150 increments and evaluating the convective heat transfer from 
the plate for each angle of incidence. The natural convective heat 
transfer coefficient was to be evaluated under still conditions i. e. 
with the wind tunnel fan switched off. 
Because of the undertaking of such a variety of measurements it 
is impossible to define a unique experimental procedure for the 
experimental series. However each run was commenced in asimilar 
fashion. 
When the models were in position and the removable side door of 
the turntable was closed, the power supplY to the plate and the wind 
tunnel fan were activated. The blades of the fan were then feathered 
to the required angle to create the wind speed chosen for the test. 
For experiments involving the determination of the natural convection 
coefficient the wind tunnel fan was not activated. 
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A "warm-up" period of approximately 1-1J hours was then allowed. 
This enabled minor adjustments to the wind speed and plate temperature 
to be made. During this period it was also found that the temperature 
of the air in the tunnel rose to around 298 K or above. This is due 
mainly to the heat created by the wind tunnel fans motor. 
The plate power and temperatures were recorded and the turntable 
rotated to its next angle. It was necessary then to allow some time 
for the plate to once again reach steady state conditions. 
Preliminary tests had shown that for a value of VG= 11.0 ms- 
1 the 
plate required approximately 15 mins. to reach steady state conditions 
at a temperature of 20 K above the air temperature. This was starting 
with, the plate in equilibrium with its surroundings. If the plate was 
already at some temperature above that of the air and the angle of 
incidence of the wind was altered, it was found that the plate reached 
steady state conditions at its new temperature in about 7 mins. 
Therefore, ' in this type of test a time of 13 mins was allowed before 
the parameters were recorded at the new wind angle. 
It was found that the time required for the plate to reach 
steady state conditions was inversely proportional to the wind speed 
in the tunnel, the worst case being that for natural convection i. e. 
still air. For these experiments it was found that time to 
equilibrium were of the order 30-40 mins and allowances were made for 
this in the recording of the data. Conditions were assumed to be 
"steady-state" if the temperature difference between the plate surface 
and the air did not vary by more than 1 0.1 K, over a5 min. period. 
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Conclusion 
This chapter has discussed the experimental methods and problems 
encountered In the measurement of the convective heat transfer from a 
model replica of the full-scale site placed in an atmospheric boundary 
layer wind tunnel. In the next chapter the results of this series of 
experiments will be presented and discussed. 
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CHAPTER SEVEN 
RESULTS OF WIND TUNNEL MODEL EXPERIMENTS 
Introduction 
This chapter presents and discusses the results obtained from 
the wind tunnel series of experiments, as described in Chapter Six.: 
The feasibility of using the wind tunnel results to predict full scale 
convective behaviour will be examined. Finally the current series of 
wind tunnel experimental results will be compared to those previously 
performed in this area. 
7.1 Fundamental Results Obtained from the Wind Tunnel Experiments 
The two scale models were tested separately. Initially the 1: 32 
scale model was examined, with a secondary series of experimental runs 
being performed with the 1: 64 scale model. 
Each scale model, used in the wind tunnel experiments, 
represented a heated plate of fixed size and geometry, placed in a 
wind flow with constant turbulance characteristics. Under these 
conditions, previous work has indicated that the convective heat 
transfer coefficient, of the plate, may be expected to be dependent 
upon the following parameters: 
(a) Plate - air temperature difference 
(b) Wind speed 
(c) Wind direction 
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Unlike the full-scale experiments, in the wind tunnel tests each 
of these parameters could be systematically varied by the operator. 
The data was initially analysed in terms of the parameters. Two 
microcomputer programs (one for each scale) were written and used for 
this analysis. These programs extracted the relevant data from the 
magnetic tape, on which it was stored by the data logging device 
during the experimental runs. By using equation 6.4 the convective 
heat transfer coefficient was evaluated, i. e. 
h 
IE/A + CR L-q con 
C CFT 
p4 Wm- 
2 K- 1 
(7-1) 
(T 
p-Tt 
where I= Current through the heater elements, A 
E= Potential across the heater elements, V 
A= Area of heater plate, m2 
RL Incident longwave radiation on the plate , Wm- 
2 
q con 
Total conduction losses from the plate (expressed in 
terms of the total plate area) , 
Wm- 2 
C= Emissivity of the upper surface of the 
flat plate = 0.9 
CY = Stefan's constant = 5.669 x 10-8 Wm-2 K- 
4 
TP Mean plate surface temperature, K 
Tt Mean ambient air temperature in wind tunnel, K 
The conduction losses, q con , were 
evaluated from the recorded 
plate temperatures and a knowledge of the thermal conductivities of 
the balsa frame, back insulation and power leads. RL was evaluated 
using the calibration equation discussed in Section 6.7 
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Two wind speeds were evaluated during the experimental runs; the 
wind speed over the roof V 6R and the gradient wind speed of the tunnel 
v G' One of the fundamental reasons for undertaking the wind tunnel 
series of measurements was to test the compatibilitY of the small 
scale results with the full-scale work described earler. The only 
wind speed evaluated continuously during the full scale tests was that 
I 
measured over the roof, i. e. V 6R' therefore this wind speed was of 
primary interest during the analysis of the wind tunnel data. 
This wind speed was evaluated from the output of the hot wire 
anemometer as described in Section 6.8.2. A simple subtraction of the 
air temperature from the mean plate temperature provided the mean 
plate-air temperature difference, AT. The wind incidence anglep E) 
(in accordance with the nomenclature shown in Figure 4.12) was 
recorded manually in each case. The rest of this section examines the 
dependence of h upon each of these three parameters in turn. 
7.1.1 Dependence of the convective heat transfer coefficientp hp upon 
the mean air-plate temperature difference, A T 
In the natural convection regime, i. e. V 6R =0 ms-19 it would 
be expected that the convection coefficient, h, would show some 
dependence upon the mean plate-air temperature difference (see Section 
2.3) 
There is also some evidence (Rowley [19301 - see Section 3.1.3) 
that h may be dependent upon AT in the forced regime. Rowley's 
experiments were based on a heated plate some 0-3m square. More 
recent work by Kind et al (19831 on smaller plates (76mm x 38mm) 
mounted on model building roofs, produced no evidence that h was 
dependent upon AT in the forced regime. 
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By varying the power supplied to the plate heater elements, it 
was possible to achieve mean plate - air temperature differences over 
a range of approximately 2-45 K. 
Figure 7.1 shows a plot of h vAT, for the two scale models 
used, under natural convection conditions i. e. V6R =0 ms- 
1. Two 
points are immediately apparent form Figure 7.1. Firstly, that for 
both scales h tends to increase with increasing temperature 
difference. Secondly, the natural convection coefficient of the 1: 64 
scale plate is some 20-40% greater than the 1: 32 scale value, for any 
given temperature difference (i. e. the smaller plate gives higher 
values of h). 
This study is primarily concerned with flat plate solar 
c ollectors, which are located in the outdoor environment. The upper 
surface of the collector will rarely experience absolutely still wind 
conditions. Therefore, any in depth analysis of the natural 
convection data is unnecessary. 
However, it should be noted that the simplified natural 
convection equation for an horizontal heated square plate in air, 
Holman [19811, is: 
4 
h=1 . 32 
F, ýT wm- 2 K- 1 (7.2) 14 1* 
where AT = mean plate - air temperature difference, K 
x= characteristic dimension, m 
Equation 7.2 predicts that h will increase with increasing AT 
and also increase with decreasing size. Therefore, the current 
results show at least qualitative agreement with equation 7.2. 
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For all cases where V 6R >0 ms-1 no systematic variation of h 
with AT was observed. This is illustrated in Figure 7.2 which shows a 
plot of hv AT for each of the two scale models under non-zero wind 
velocity conditions (for the 1: 32 scale case V 6R = 2.6 ms- 
1 
and for 
the 1: 64 scale case V 6R = 1.4 ms-1. 
) This is in good agreement with 
the work of Kind et al [19833. He performed experiments using small 
heated plates mounted on a model building roof. Kind states, that for 
experimental conditions which were identical except for the power 
supplied to the heater plates (and therefore the plate temperature) 
derived values of h agreed to within t 2%. 
For a given wind speed the deviation of h about its mean value, 
for all of the temperature differences examined in this current series 
of experiments, was approximately ± 
Because h was found to be essentially independent of AT in the 
forced regime, it was not necessary to control strictly the plate - 
air temperature difference during the forced convection experiments. 
It was, however, kept within the range encountered during the full- 
scale convection experiments i. e. 10-60 K and most often maintained in 
the range 20-30 K. 
7.1.2 The dependence of the convective heat transfer coefficient on 
the wind speed measured over the roof V 6R 
The mainstream of experimental runs consisted of maintaining a 
constant air speed in the tunnel and evaluating the convective heat 
transfer coefficient at each of the following wind incidence angles 
00p ± 45'19 1 900, ± 1350 and 1800, these angles being the midsector 
wind angles from the full-ccall-c -experiments. 
- 332 - 
By performing several such runs it was possible to obtain plots 
of hvV 6R for each of the wind 
incidence angles given above. 
Gradient wind velocities in the range 3.1 < VG < 23.5 ms- 
1 
were 
available. This gave roof wind speed velocities in the ranges 2.6 < 
V 6R < 19.4 ms- 
1 (for the 1: 32 scale modes) and 1.4 <V 6R < 9.5 ms- 
1 
(for the 1: 64 scale model). 
Figures 7.3 - 7.5 show plots of the convective heat 
transfer 
coefficient against roof wind speed for three wind angles (00p 900 and 
1800) for the 1: 32 scale model. Figures 7.6 - 7.8 show similar plots 
for the 1: 64 scale model. 
The line drawn through the data points (which include a value 
for the natural convection coefficient at V0 ms- is a least 6R 
squares linear regression line. This type of analysis was applied to 
the data for all the wind angles examined. Tables 7.1 and 7.2 show 
the results of the regression analysis for the 1: 32 and 1: 64 scales 
respectively. As can be seen from these tables the regression 
coefficients of the lines are very close to unity indicating that the 
lines are excellent fits to the data points. Therefore the linear 
relationships between h and V 6R adequately 
describe the dependence of 
the convection coefficient upon the wind speed as measured over the 
roof. It will be recalled, however, that the fundamental theoretical 
relationships between the forced convection coefficient andýwind speed 
are power law relationships (see Chapter Two). Also several 
experimenters have found power law relationships between h and wind 
speed in wind tunnel studies e. g. Sparrow (19771 and Iqubal and Khatry 
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[19771. It was decided to apply this type of relationship to the 
current data. The least squares power fit analysis included all the 
data points used in the linear analysis, except the value for the 
natural convection coefficient, as the power law relationships are 
only strictly valid in the forced convection regime. 
The results of this analysis are presented in Tables 7.3 and 7.4 
for the 1: 32 and 1: 64 scales respectively. These power law 
relationships also have regression coefficients close to unity, 
indicating that they too are excellent fits to the data, with the 
obvious exception that they do not take into account natural 
convection effects. 
The fundamental theoretical relationships between h and wind 
speed are derived, in their dimensionless form, in Chapter Two. These 
are for laminar flow. 
Nu = 0.664 Re 
0.5 Pr 0.33 (7.3) 
and for turbulent flow 
Nu = 0.036 Re 
0.8 Pr 0.33 (7.4) 
Table 7.5 illustrates the dimensional form of these equations 
for the two scale models used. Representative values of the 
properties of air were taken from tables in Holman [19811 and the 
characteristic length of the plates were employed. 
Table 7.5 Dimensional form of fundamental forced convection 
equations for the two scale models used 
Model Laminar Turbulent Scale 
1: 32 h= 21.3 V 0.5 h= 11.6 V 
0.8 
1: 64 h= 27.4V 0.5 h= 12.8 V 
0.8 
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Figure 7.9 shows the two fundamental equations for the 1: 32 
scale case together with the experimentally derived curve for 0= 0*. 
Figure 7.10 shows a similar comparison for the 1: 64 scale model study. 
These two figures illustrate the fact that the theoretical equations 
which are based on a plate with a streamlined leading edge placed in a 
uniform parallel flow are inadequate for predicting the convective 
behaviour of a three dimensional inclined plate placed on a bluf f body 
in a wind flow with a power law velocity profile, especially when the 
-I 
wind speed is measured close to the test building. 
7.1.3 The dependence of the convective heat transfer coefficient uRon 
the wind incidence angle, 
In the full scale work it will be recalled, from Section 5.3, 
that the following method was used to examine the effect of the wind 
incidence angle on the convective heat transfer coefficient from the 
plate. Given values of V 6R were substituted 
into the regression 
equations determined for each wind sector and the derived values of h 
were used to obtain a plot of h against E). 
This method could also have been employed in the analysis of the 
wind tunnel data. However, because the wind tunnel facilitates the 
control of the relevant parameters it was possible to examine the 
effect of wind incidence angle on h in more detail and with greater 
accuracy. 
The following method was employed. With the tunnel air speed 
set at a constant value for the whole run, the convective heat 
transfer coefficient was evaluated through a full rotation of the 
turntable,, 0-360* at 150 intervals. The turntable was then rotated 
back through 3600 and the convection coefficient again evaluated at 
1511 intervals. The mean value of the convection coefficient W for the 
whole run was evaluated. 
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This interval, i. e. 15', was chosen because it would include the 
Lnidsector wind angles from the full-scale study i. e. 01,1 45', 
1 90*, 
1 1350 and 1800. Then the average of the two readings for each wind 
direction was evaluated (these never showed a difference of more than 
't 0.2 Wm- 2 K- 1 ). 
For each wind direction the convection coefficient could then be 
expressed as a percentage of the mean value (i. e. h/ýh x 100%). 
Figures 7.11 and 7.12 show plots of h/-h- x 100% against E) for the 
1 : 32 and 1 : 64 scale models respectively. Examination of these two 
f igures yields the following information. 
For the 1: 32 scale model the maximum deviations of h from are 
+10% and -13%. 
For the 1: 64 scale model the maximum deviations of h from h are 
+12% and -17%. 
(iii)'The maximum heat transfer (in both scale cases) tends to occur 
when the wind incidence angle is in the range -1200 <0< 120 
0 
i. e. windward. The minimum heat transfer occurs when 0 is 
I outside the above range, i. e. leeward. 
( j-v) ' 'The shape of graphs for each scale are similar but not 
identical; this indicates that there may be some scale 
dependence of the effect of Oon h. 
(V) 'Both figures are generally symmetrical about () = 011 indicating 
I- that the presence of the small garage to the side of the test 
'building has little influence on the convective heat transfer 
coefficient from the plate. 
(vi) ' Both graphs exhibit local maxima at ± 120"; these are more 
pronounced in the 1: 32 scale case and for this scale are the 
actual maxima in the heat transfer coefficient. 
A further discussion on the effect of E), upon h will be given 
iri Section 7.3.3. 
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7.2 Comparison of the Wind Tunnel Model Study with the Full-Scale 
Site Measurements 
One of the fundamental reasons for undertaking the wind tunnel 
study was to examine the potential of using the results obtained from 
small scale model experiments to predict accurately the convective 
behaviour of full-scale heat transfer systems. In order to assess 
this potential it is necessary to compare the results obtained from 
the two series of experiments. 
7.2.1 General comparison between the full-scale and model study 
results 
Both the full-scale work and the wind tunnel model study showed 
that the convective heat transfer coefficient h showed no dependence 
on the plate - air temperature difference in the forced regime. See 
Figures 5.15 to 5.18 and 7.2. Whilst the model study showed that the 
natural convection coefficient was dependent upon both scale and 
temperature difference, it was not possible to examine the natural 
convection coefficient in the full-scale work, as absolutely still 
conditions were not experienced during the trials. However it will be 
recalled from Chapter Five that the best estimate of the natural 
convection coefficient in the full-scale work was 8.1 Wm_2 K_ 
1. This 
value is again lower than the two scale model valuesp giving further 
indication that the natural convection coefficient in this series of 
experiments follows the expected pattern i. e. decreases with 
increasing absolute size of the heated surface. 
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The convection coefficient in the full-scale and wind tunnel 
studies were found to be dependent upon the wind incidence angle 0; 
this will be examined in further detail in Section 7.2.2. In both the 
full-scale and wind tunnel studies the transfer coefficient was found 
to be linearly dependent upon the wind speed as measured over the 
roof. This will be examined further in Section 7.2.3. 
7.2.2 A comparison between the full-scale and wind tunnel results with 
regards to the dependence of the convection coefficient upon the 
wind incidence angle, 
_ 
E) 
In order to compare the effect of E) upon h for the two series of 
experiments the following procedures was adopted. For the full-scale 
case, the value of the convection coefficient h (at V 6R =6 ms- 
1) 
was obtained, for each wind sector, from the regression lines 
presented in Table 5.1. This was then normalised in terms of the mean 
coefficient (i. e. the mean value of the coefficients found from each 
regression line) and expressed as a percentage i. e. h/h X 100%. 
In the model cases the percentage values, already presented in 
Figures 7.11 and 7.12 were averaged about each midsector wind angle. 
For example, the 00 midsector value is the average of the -150,00 and 
+150 values of h/_h x 100%. This was done in order to achieve a better 
comparison with the full-scale work, as the regression lines in this 
case were based on all the data which fell into a particular wind 
angle sector. 
Figure 7.13 shows a plot of h/-h x 100% against E) for each of the 
scale models and the full-scale test site. The individual data points 
are linked for clarity and it must be realised that the value Of hig x 
100% for angles without data points may not lie on these lines. This 
fact is obvious for the model study work, see Figures 7.9 and 7.10. 
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Examination of Figure 7.13 reveals several points of interest. 
W The variation of h/h x 100% is much greater for the full-scale 
test site than for either of the two scale models, it being 
approximately 1 30%. 
(ii) There is some basic agreement between the three plots in that 
they all show minima rates of heat transfer when the plate 
surface is at 1800 to the wind flow i. e. leeward. 
(iii) The full-scale results and the 1: 32 scale model series both show 
local minima of convection coefficient at G= 00. This 
local minimum does not appear in the 1: 64 scale series results. 
In the light of the points noted above, it can be concluded that 
the wind tunnel results could be used to predict general trends in the 
variation of h with 0 for the full-scale site. (The 1: 32 scale series 
being in better agreement than the 1: 64 scale results). However, the 
use of either wind tunnel scale results to predict the variation of h 
with 0 in any quantitative manner is not justified. 
7.2.3 A comparison between the full scale and the wind tunnel results 
with regards to the dependence of the convection coefficient 
upon the wind speed as measured over the roof V 6R 
In both the wind tunnel model studies and the full-scale work 
convective heat transfer coefficient was found to be adequately 
expressed as a linear function of the wind speed as measured over the 
roof (for each wind angle or sector examined). 
For example, for the O= 01, wind direction the following 
relationships were derived. 
Full-scale h=2.2 V 6R + 
8.3 WM-2 K_ 
1 (7-5) 
1: 32 scale h= 14.6 V 6R + 18.3 
WM-2 K_ 
1 (7.6) 
1: 64 scale h= 26.6 V 6R + 
30.3 WM-2 K_ 
1 (7.7) 
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It is, therefore, obvious that direct use of the dimensional 
model equations would lead to a gross overestimation of the convective 
heat transfer coefficient for the full-scale case. The 0= 00 case 
is cited as an example but it can be seen from Tables 5.1,7.1 and 7.2 
that the above statement would be true for all wind incidence angles. 
This mismatch of dimensional equations is, of course, to be 
expected as the convection coefficient is also dependent on the actual 
dimensions of the heated plate under consideration (see Section 3.1 
for a discussion of the work of Parmellee and Huebscher [19461 on this 
point). The usual method of comparing heat transfer experiments 
performed on systems which are of different size, but otherwise 
geometrically similar, is by dimensional analysis. 
Two parameters are of importance for this type of analysis. 
The Nusselt number Nu and the Reynolds number Re. These are defined 
as: 
V 
00 x 
Nu = 
hx Re = 
kv 
where h= The convective heat transfer coefficient Wm -2 K 
-1 
x= The characteristic dimension of the plate, 
(in this case 4x Area/Perimeter length), m 
VC0 = The free-stream air velocity ms- 
1 
k= The thermal conductivity of the air Wm- 
1 K- 1 
'ý) = Kinematic viscosity of the air m2 s- 
1 
A problem arises in applying this type of analysis to the 
current data. The only wind velocity measured continuously during the 
full-scale and wind tunnel model work was V 6R' Whilst 
this measured 
wind speed is outside the local boundary layer of the flat plate it is 
still within the atmospheric boundary layer of the earth (or wind 
tunnel) and therfore cannot strictly be interpreted as a free-stream 
wind velocity, VcO. 
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Therefore, the Reynolds number in this case must be redefined 
as 
Re =v 
6R 
v 
with the original Nusselt number definition being valid. 
In order to obtain dimensional relationships between h and V 6R 
for the full-scale work and from the wind tunnel results consider the 
following general case. 
h=Atv 6R +Bt WM-2 
K- 1 (7-8) 
where At and Bt are constants. 
Now 
Nu kt Re Vt 
Xt 6R xt 
where the subscript t refers to the model values of kj V and x. 
Therefore, 
Nu kt-At Re ý')t 
+Bt (7-9) 
tt 
Nu k Re +Btkxt 
(7-10) 
tt 
Now for the full scale case (subscript f relates to full-scale 
values). 
hxfV 6R xf Nu =- Re = -V kf 'f 
Substitution into equation 7.9 gives. 
hxfAttV 
6R xfBtxt 
kfkt Vf kt 
Rearranging for-h 
h=AffV+Bft wm- 
2 K- 1 (7.12) 
tktVt 6R 7t 'i-f 
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Both series of experiments were conducted in air under 
essentially the same conditions of temperature and pressure. Hence, 
approximately. k t=kf and 
'ý 
t- 
ý) 
f, 
Hence equation 7.12 can be simplified to (for the full-scale). 
xt 
-2 -1 h=AV+B- Wm K (7-13) t 6R txf 
Therefore, the dimensional equations for the full-scale are 
identical to those presented for the two wind tunnel model studies 
except for the wind speed independent constant which must be 
multiplied by the ratio xt /x f, This ratio is 0.028 for the 1: 32 scale 
work and 0.017 for the 1: 64 scale series. 
The linear regression lines for the full-scale work based on 
the wind tunnel model experiments are presented in Tables 7.6 and 7.7 
(for the 1: 32 scale and 1: 64 scale extrapolations respectively). 
Figure 7.14 shows a comparison between the regression lines derived 
from the two model studies and the actual regression line from the 
full-scale measurements for the E) = 00 wind angle. 
This figure illustrates that both 1: 32 and 1: 64 scale 
extrapolations grossly over-estimate the forced convection coefficient 
as found in the full-scale work whilst at the same time 
underestimating the natural convection coefficient, as defined as the 
1 intercept of the lines at V 6R =0 ms- . Hence the 
linear 
relationships as derived from the wind tunnel model scales are 
inadequate for predicting full-scale convective behaviour. 
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TABLE 7.6 Extrapolation of 1: 32 scale series line ar regression 
lines to full scale values 
Wind 
Angle Linear Extrapolation 
00 h = 14.6 V 6R + 0.5 Wm 
2 K- 1 
450 h = 15.3 V 6R + 0.5 Wm 
2 K- 1 
goo h = 15.3 V 6R + 0.4 Wm 
2 K- 1 
1350 h = 14.0 V 6R + 0.4 Wm 
2 K- 1 
1800 h= 13.3 V 6R + 0.3 Wm 
2 K- 1 
-1350 h= 15.3 V 6R + 0.3 
Wm 2 K- 1 
-900 h= 15.0 V 6R + 0.4 Wm 
2 K- 1 
-450 h= 15.1 V 6R + 0.5 Wm 
2 K- 1 
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TABLE 7.7 Extrapolation of 1: 64 scale series linear regression 
lines to full scale values 
Wind 
Angle 
0 
Linear Extrapolation 
00 h = 26.6 V 6R + 0.6 Wm 
2 K- 1 
450 h = 24.2 V 6R + 0.6 Wm 
2 K- 1 
goo h = 22.7 V 6R + 0.5 Wm 
2 K- 1 
1351 h= 19.7 V 6R + 0.5 Wm 
2 K- 1 
1800 h= 18.1 V 6R + 0.5 Wm 
2 K- 1 
-1350 h= 20.9 V 6R + 0.5 Wm 
2 K- 1 
-900 h= 22.7 V 6R + 0.5 Wm 
2 K- 1 
-450 h= 23.1 V 6R + 0.5 
Wm2K-1 
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It will be recalled from Section 7.1.2 that power law 
relationships were also derived from the wind tunnel data (see Tables 
7.3 and 7.4). These may also be extrapolated up to full-scale values, 
using dimensionless parameters. Once again considering the general 
case. 
Bt2-1 
h=AtV 6R 
Wm K (7.14) 
Therefore 
Nu kt-A ju 
CBt Re 
Bt (7.15) 
xtt ý-ýf) 
Rearranging 
Nu =Atý tkt 
Taking full-sc 
hxf xt 
-=A kftkt 
tt Re t (7.16) 
xt) 
ale values for Nu and Re 
uBB 
t xfý V6R 
t 
(7-17) 7 
t, 
ýt (U 
f 
Hence 
kxBBB 
h=Atkf 
xt 
(u t )'t ( 
-xxf, Wm-2 K-1 (7-18) 
1) 
fft 
)t 
V6R 
t' 
Assuming as a first approximation kt=kf and UtUf 
gives: 
B 
xt (xf tt-2-1 
h=AV Wm K (7-19) 
tft 6R x 
The ratio xt /x f is 0.028 for 
the 1: 32 scale case and 0.017 ror 
the 1: 64 scale case. Therfore, the ratio xf /x t is 35.7 for the 1: 
32 
scale case and 58.8 for the 1: 64 scale case. Hence full-scale power 
law relationships can be derived from the wind tunnel relationships 
presented in Tables 7.3 and 7.4. The power law extrapolations to 
full-scale values are presented in Tables 7.8 and 7.9 for the 1: 32 
scale and 1: 64 scale cases respectively. 
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TABLE 7.8 Power law extrapolations to the full-scale from the 1: 32 
scale series results 
Wind Power Law 
Ang,, je Relationship 
00 h= 13.3 V 6R 
0.85 
Wm-2K-1 
450 h= 13.9 V6R 0.87 Wm-2K-1 
goo h= 14.7 V 6R 
0.88 
Wm -2 K -1 
1350 h= 13.5 V6R 0.89 Wm-2K-1 
1800 h= 14.4 V6R 0.94 Wm- 2K-1 
-1350 h = 14.5 V 6R 
0.91 
Wm- 2 K- 1 
-900 h = 13.5 V6R 
0.89 
Wm-2K-1 
-450 h = 13.9 
0.87 V6R Wm-2K- 1 
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TABLE 7.9 Power law extrapolations to the full-scale from the 1: 64 
scale series results 
Wind Power Law 
Angle Relationship 
E) 
00 h = 13.6 V 6R 
0.65 
W, ý-2 K- 1 
450 h = 13.8 V 6R 
0.65 
Wm- 2 K- 1 
goo h = 11.1 V 6R 
0.65 
Wm- 2 K- 1 
13511 h= 11.0 V 6R 
0.64 
Wm- 2 K- 1 
1800 h= 9.8 V 6R 
0.65 
Wm- 2 K- 1 
-1350 h= 11.9 V 6R 
0.67 
Wm- 2 K- 1 
-900 h= 13.2 V 6R 
0.68 
WM-2 K- 1 
-450 h= 13.7 V 6R 
0.66 
Wm- 2 K- 1 
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Figure 7.15 shows a comparison between the two-scale 
extrapolations and the power law relationship derived from the full- 
scale measurements for the 0= 00 wind angle. Once again the 
extrapolations grossly over-estimate the convection coefficient (i. e. 
as with the linear extrapolation). 
f, 
It can, therefore, be stated that it is not possible to 
extrapolate the wind tunnel model results to the full-scale with any 
accuracy. A discussion of the possible reasons for the failure of the 
wind tunnel results to predict accurately full-scale convective 
behaviour will be given in Section 8.1. 
7.3 Comparison of Current Study with Previous Wind Tunnel 
Experiments 
Many workers have performed experiments on convective heat 
transfer from flat surfaces in wind tunnels (see Chapter Three). 
However, for this comparison only those experiments performed using 
active surfaces of a similar size to those used in these model studies 
will be considered. 
7.3.1 Comparison with previous work performed on small flat plates 
and three dimensional bluff bodies 
Sparrow's mass transfer work on small flat plates gave a global 
correlation of 
18.6 V 0.5 wm- 
2 K- 1 (7.20) 
where V= The wind speed in the centre of the tunnelo ms-2 
Sparrow [1981] does, however, show that the heat transfer may 
be enhanced over this value when the active surface is elevated above 
a host surface which is inactive in the heat transfer process. This 
will be discussed later in this section. 
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Iqubal and Khatry [1977] examined the overall convection 
coefficient of a heated copper model of a greenhouse, placed in a 
boundary layer wind tunnel, with the conclusion that 
h= 17.9 VG0.576 Wm- 
2 K- 1 (7.21) 
w here VG= Gradient wind speed of the boundary layer, ms 
Kelnhofer and Thomas' (19761 more sophisticated experiments on 
a cubical model gave similar results, i. e. 
h= 17-98 VG 0.5 Wm-2 K- 1 (7.22) 
The most recent study in this area was due to Kind (19831. 
Using a model of a detached dwelling with heated plates mounted flush 
with one roof pitch, he obtained the following general correlation for . 
i. 
h= 23.9 VH0.54 Wm- 2K- 1 (7.23) 
where VH= the wind tunnel free stream air speed at the height of 
the centre of the heated plates, ms- 
1 
Because Kind also gives information concerning the shape of the 
simulated atmospheric boundary layer of the tunnel (rural terrain) it 
is possible to derive a further relationship, i. e. 
h= 19.9 VG0.54 Wm-2 K- 
1 (7.24) 
where once again VG is the gradient wind speed of the tunnel. 
Therefore, if Sparrow's measured wind velocity can also be 
, 
taken as a free stream velocity there is good agreement between the 
above four mentioned pieces of work. Also, in order to make a 
comparison between the current series of results and those mentioned 
above, it is necessary to reanalyse the data in terms of the gradient 
wind speed V G* Because the above four relationships 
between h and VG 
are power law relationships this type of curve fit was applied to the 
current data. Tables 7.10 and 7.11 present power law relationships 
between h and VG for the 1: 32 scale and 1: 64 scale results 
respectively. 
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TABLE 7.10 Power law relationships between h and V. for the 1 : 32, 
scale series results 
Wind Power Law 
Angle Re lationship 
0 
00 h = 19.4 VG 
0.85 
Wm- 2 K- 1 
450 h = 18.9 VG 
0.87 
Wm- 2 K- 1 
goo h= 19.2 VG 0.88 Wm- 2 K- 1 
1350 h= 17.1 VG 
0.89 
Wm- 2 K- 1 
1800 h= 15.0 VG 
0.94 
W, ý-2 K- 1 
-1351 h= 16.7 VG 
0.91 
WM-2 K- 1 
-900 h= 19.5 VG 
0.89 
Wm-2 K- 1 
-450 h= 18.8 VG 
0.87 
Wm- 2 K- 1 
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TABLE 7.11 Power law relationships between h and VG for the 1: 64 
scale series results 
Wind Power Law 
An le S. Relationship 
00 h = 33.7 VG 
0.65 
Wm-2 K- 1 
451 h = 34.2 VG 
0.65 
WM-2 K- 1 
goo h = 27.7 VG 
0.65 
WM-2 K- 1 
1350 h= 28.17V G 
0.64 
WM-2 K -1 
1800 h= 24.03V G 
o. 65 
WM-2 K- 1 
-1350 h= 26.7 VG 
0.67 
WM-2 K- 1 
-900 h= 28.9 VG 
0.68 
WM-2 K- 1 
-450 h= 32.4 VG 
0.66 
Wm- 2 K- 1 
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For the sake of completeness linear relationships between h and 
VG are also shown in Tables 7.12 and 7.13 (for the 1: 32 and 1: 64 
scales respectively. 
A representative equation for the previously performed work is 
taken as: 
h= 18.6 VG0.53 
Wm- 
2 
K- 1 (7.25) 
Figure 7.16 shows a comparison of this equation with those for 
0=, 00as developed from the 1: 32 and 1: 64 scale series of experiments. 
It can be seen from this figure that the current relationships 
give much larger values of h for corresponding values of V than the G 
previously derived experimental equations. 
This mismatch is to be expected due to the differing geometries 
and definitions of used in the various tests. For example Sparrow's 
plate was isolated with a streamlined leading edge and Iqubal and 
Khatry's convection coefficient was the average over the whole 
building surface. One piece of work (already discussed in Section 
3.3) has shown that local variations in surface geometry may have 
significant affects upon the convective heat transfer from it. This 
is the work of Sparrow (19811. 
7.3.2 Comparison with previously performed work on active surfaces 
elevated above host inactive planes 
Sparrow performed experiments upon small plates elevated above 
a host surface (see Section 3.3 for a detailed discussion of this 
work). He varied the three parameters of H- Step height, L- stream- 
wise length of active surface and W- width of forward thrusting skirt 
(see Figure 3.9). 
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His general conclusion was that the convection coefficient was 
enhanced over the value found for a similar (but unelevated) sized 
plate. The enhancement increased with increasing ratio of H/L and 
also increased with increasing ratio of W/L. The enhancement was 
greatest for lower angles of attack (i. e. the angle the surface made 
with the horizontal, ) but increasing ratios of W/L gave rise to 
enhancement at increasing angles of attack. For example with H/1 
1/15 = 0.07 and W/L = 1/25 = 0.4 an enhancement of h/h* = 1.7 was 
observed at E) = 35', h* being the heat transfer from a similar 
unelevated surface. 
In the current series of experiments a similar situation to 
Sparrow's work exists i. e. the heated plate is elevated above an 
'inactive host surface (the roof), the main difference being that the 
-'inactive surface is itself an integral part of a 3D bluff body. 
Considering the wind blowing directly onto the plate i. e. 0= 
00 then 
H= the height of the plate above the roof 
L= the short axis of the plate 
W= the projection of the roof between the lower edge of the 
late and the gutter line 
0= the roof pitch, i. e. 350 
In both the model and the full-scale work the relevant ratios 
are the same i. e. 
H/L = 0.33 
W/L = 0.82 
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These ratios are both greater than the maximum ratios tested by 
Sparrow (H/L = 0.2, W/L = 0.4). Therefore, greater enhancement of the 
convection coefficient is to be expected than discovered by Sparrow. 
This enhancement has, of course, been observed (see Figure 7.16). 
Sparrow also states that the enhancement is also Reynold's number 
(wind velocity) dependent and so therefore any relationship between h 
and wind speed may be expected to deviate away from the simple power 
law relationship given earlier. The exponent will be expected to 
alter as the flow over the plate will no longer be laminar. 
If, however, it is assumed that the enhancement is independent 
of the Reynold's number then the enhancement can be described by a 
simple multiplying factor on the original flat plate global equation, 
i. e. 
h=A 18.6 V 
0.5 WM-2 K- 
1 (7.26) 
The exponent will be expected to alter as the flow over the 
plate will no longer be laminar. 
This relationship is also illustrated in Figure 7.16 with A 
2.0. It can be seen that this equation is more in line with those 
developed from the current work. 
It would, therefore, seem that the current work agrees with 
that of Sparrow in that the convective heat transfer from a surface 
ýwill be greatly enhanced if it is placed above a host 
inactive plane 
and also inclined to the horizontal. 
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7.3.3 Comparison with wind velocity measurements made over model 
building roofs 
One other piece of model work has significance in relation to 
the current series of measurements, this being an investigation by Lee 
and Evans [1984] into the wind flow patterns over building roofs. 
Their study was designed to evaluate wind speeds in close proximity to 
the roofs of low-rise dwellings. 
Using the University of Sheffield's boundary layer wind tunnel 
(the same as used for this series of experiments) they performed 
experiments on a 1: 50 scale model of the Building Research 
Establishments standard semi-detached house shape (see Eaton and Mayne 
(19741 for further details of this structure). The actual house 
measured 13.3 x 7. Om in plan with a wall height of 5.3m to the eaves, 
the ridge height varying with roof angle. 
Therefore, the plan dimensions of the model house were 266 x 
1 40mm. with a wall height of 106mm. This makes it comparable in size 
to the 1: 32 scale model of the Norton site test building (300 x 157mm 
in plan, 88mm wall height). 
Using hot wire anemometers, wind speeds parallel to the roof 
surface were measured. Six equally spaced positions across the roof 
span were simultaneously examined and the measured wind speed was the 
average wind speed in the first 6mm above the roof surface (300mm 
full-scale). 
Measurements were made over a clear roof and above small panels 
standing proud of the roof surface (designed toirepresent retrofit 
solar collectors). Lee and Evans state that no panel proximity 
effects were found. Therefore, the clear roof measurements were 
adequate for both cases. 
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Many tests were performed examining various roof pitches, roof 
attachments i. e. chimneys and eaves and end attachments to the 
building structure. (A full account of all tests is given by Evans 
and Lee [19831). 
However, many basic features were common to all tests and of 
course only certain tests have relevance to the current series of wind 
tunnel experiments. Lee and Evans present their results in terms of 
the wind speed function V COLL /V H where V COLL 
is the wind speed 
measured over the roof or model solar panel and VH is the undisturbed 
approach wind speed at the roof ridge line. 
Figure 7.17 presents Lee and Evans' results for flow over a 
plain duo-pitch house with a 22.51 roof pitch. The Norton test site 
has this geometry and this set of results (state Lee and Evans) 
illustrates many of the features for flow over windward and leeward 
roof slopes found elsewhere in their data set. 
Two points must be noted on examination of these results. 
Firstly, that only wind angles between 01-1801 were examined. This is 
because the building was modelled in isolation and presumably the -ve 
wind angles would produce a mirror image, about 00, of the data 
presented. Secondly the wind angle in this series of experiments is 
defined with an inverse sign convention to the current series. 
Figure 7.17 illustrates the ratio of VCOLL /V H for each of the 6 
Positions examined over the range of wind angles. The aim of this 
section is to make a comparison between these wind speed ratios and 
the variation of convection coefficient with wind incidence angle (see 
Figures 7.11 and 7.12). Because of the position of the heated plate 
on the roof positions 3 and 4 in Lee and Evans' notation are most 
pertinent to this comparison. 
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The shape of the V COLL /V H curves are similar 
for both positions 
but the features are more pronounced in the position 4 case. This 
shows that the ratio V COLL /V H starts off slightly 
below unity at 0 
00, rises to a maximum slightly above unity at E) = 600, reaches a 
, minimum of about 0.7 at 
E) = 9011, again rises to a maximum of 
approximately 1.1 at 0= 1200 and then dips down to its absolute 
minimum value of about 0.4 at 1801. 
Considering Figure 7.11 (the variation of h/F x 100% with for 
,, 
the 1: 32 scale model) it can be seen that the shape of this curve 
illustrates similar features. The minimum heat transfer occurs in the 
region of 1800 with local minima at E) = 00 and 
± 1000. Maximum heat 
transfer occurs at 1200 with local maxima at E) 600 
Therefore, in this case, the variation of convection coefficient is 
-closely related to the ratio of V COLL /V H as measured 
by Lee. and Evans 
over the roof pitch of a model building of similar size and geometry. 
It will be recalled that there was also some agreement between this 
model work and the full-scale dependence of h upon (see Section 
7.2.2). 
Now consider the 1: 64 scale model case (see Figure 7.12). This 
model building has linear dimensions of approximately 0.5 'of the 
model building examined by Lee and Evans. Once again a certain amount 
of agreement is shown i. e. minimum heat transfer occurs in the region 
of E) = 180* and their are local maxima at E) =! 1200. There is, 
however, conflict in this case is that the maximum heat transfer 
occurs in the region of E)= 00. 
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This disagreement can be partly attributed to the difference in 
absolute size of the models. The 1: 32 scale model giving good agree- 
ment was of a similar size to the Lee, Evans building. Lee and Evans 
did not attempt to examine any scale effects upon V COLL /V H and this 
is, perhaps, an area for further work as would be a study of similar 
parameters in a full-scale experimental set up. 
Because of the slight dissimilarities of building geometry it 
is, difficult to make a qualitative comparison between Lee and Evans' 
work and the current series. However, it can be broadly concluded 
that the forced convection coefficient is a function of the wind speed 
as measured over the first 6mm of the roof surface (300mm in the 
full-scale). 
, fonclusion 
With reference to wind tunnel model results reported in this 
chapter the following concluding points can be made: 
The natural convection coefficient, i. e. at V 6R =0 ms- 
1 
was 
found to increase with the plate - air temperature difference, 
the increase being more pronounced in the 1: 64 scale model 
case. 
(II) For identical temperature differences the natural convection 
coefficient for the 1: 64 scale model (i. e. the smaller plate) 
was found to be larger than for the 1: 32 scale model. 
The forced convection coefficient, i. e. V 6R >0 ms- 
1 
was found 
to be independent of the plate - air temperature difference. 
This is an agreement with the work of Kind [1983). 
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(IV) Linear and power relationships were found to exist between h 
and V 6R 
(see Tables 7.1,7.2,7.3 and 7.4). The linear 
relationships take into account natural convection effects 
whilst the power relationships do not. 
(V) The convection coefficient in both model cases was found to be 
much greater than that predicted by the fundamental 
theoretically derived relationships based on flat plates placed 
in a uniform parallel flow. 
(VI) The convection coefficient was found to be slightly dependent 
upon the wind incidence angle Gin both model cases. This 
dependence was not the same for both scale models and 
differences of the order of ± 15% about the mean value were 
observed. 
(VII) With regards to the dependence of h upon Othe wind tunnel 
model results exhibited some of the general features found in 
the full-scale work, especially in the 1: 32 scale case. 
However, even in this case no real quantitative agreement was 
observed. 
(VIII) Attempts to extrapolate the wind tunnel model data to fullscale 
values were made, using both linear and power law 
relationships. However, it was found that these extrapolations 
overestimated the convection coefficient, as found from the 
full-scale measurements, often by as much as an order of 
magnitude. 
(IX) The current series of results tended to give higher values of h 
than those found in previous work although reasonable agreement 
was found with Sparrow's (1981) work on active surfaces 
elevated above passive host planes. 
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A comparison was made between the current heat transfer 
results and the measurement of wind speeds across model 
building roofs performed by Lee and Evans [19841. It was 
found, especially for the 1: 32 scale series model, that wind 
angles which produced high values of h also tended to give high 
values of the wind speed over the roof surface. Low values of 
h corresponded to low wind speeds. 
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CHAPTER EIGHT 
CONCLUSION 
8.1 General Remarks 
It has been shown that in order to determine the 
efficiency of a flat-plate solar collector it is necessary to be 
able to predict the convection loss from its upper surface. 
Previous methods employed to evaluate the heat lost in this 
manner have relied upon the direct application of small scale 
wind tunnel results to full-scale systems. 
There are two main problem areas associated with this type 
of application. 
M Wind tunnel models tend to be much smaller than real 
full-scale collector panels (often orders of 
magnitudes smaller). It has been shown, e. g. 
Parmelee and Huebscher [19471 that the size of a 
surface has a significant effect on the convection 
heat tranfer from it. 
(ii) The derived convection coefficient of a surface is 
most often correlated against wind speed. In wind 
tunnel experiments wind speeds have been made at a 
variety of locations, e. g. centre of the tunnel, top 
of the boundary layer or at the same height as the 
test surface. Row any of these wind speeds relate 
to the wind environment around full-scale building 
is not well understood. 
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The experiments conducted here afforded the opportunity to 
study the relationship between the convection coefficient, from 
a surface with the same size and geometry as a full-scale 
collector panel, and a wind speed measured, at a stated 
position, in the natural environment, V 6R* Whilst the location 
of the wind speed measurement is unique to this series of 
experiments it must be noted that, as yet, there is no standard 
design wind speed to be used as an input to convection 
relationships. Previous full-scale convection coefficients have 
been correlated against wind speeds measured at various 
positions, e. g. at some distance from the test surface, Vs, some 
distance above the test building roof, V RI or the meteorological 
wind speed measured at a nearby weather station, V 10' 
The most accessible wind speed statistic in the UK is the 
meteorological 10m wind speed V 10* This would seem to be the 
ideal design wind speed for convection relationships. Attempts 
were made in this series to correlate the convection coefficient 
against V10; however, due to the restriction of site 
availability it was not possible to make measurements of V 10 
concurrently with the convection experiments. This could be a 
limiting factor on the relationships between h and V 10 which are 
presented in Table 5.7. 
Wind tunnel studies were also performed to assess the 
potential of using this type of experiment to predict full-scale 
heat losses. The results were discouraging, for whilst the wind 
tunnel results showed compatibility with other similar wind 
tunnel experiments, especially Sparrow [1981 (b)], they failed 
to come into line with the outdoor results when extrapolated to 
full-scale values. 
- 385 - 
The reason for this failure is not totally understood. It 
will, however, be recalled from Section 6.4.5 that the wind 
tunnel scaling laws were relaxed in order to be able to build 
models of workable size. Lee [19821 and Lee and Evans [19841 
state that this relaxation is permissible when studying flow 
conditions around a building. This relaxation may not be valid 
for studies involving the measurement of the convection 
coefficient of a surface. 
This scale dependence discrepancy is given further 
credence by the fact that the results from the two model series 
(1: 32 and 1: 64) are significantly different. One method by 
which this problem could be minimised would be to perform model 
experiments in a wind tunnel, with a scaling factor compatible 
with the scale required to produce models of a size sufficiently 
large so as to be able to assess accurately the convection 
coefficient. 
A further possible factor, which may go some way to 
explain the failure of the model results to accurately predict 
full-scale values of the convection coefficient, is the levels 
of free-stream turbulence present in the wind tunnel. 
These were comparable with the levels found in the natural 
environment i. e. 15-40%. (See Section 6.3.2). McCormak et al 
[19841 concluded that large levels of free-stream turbulence 
enhanced the convective heat transfer from a rectangular body by 
as much at 60%. (See Section 3.5-1). If this is the case, it 
is not surprising that the combination of a small heated surface 
placed in a wind flow with large levels of turbulence gives rise 
to high vaiues of the convective heat transfer coefficient. 
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8.2 The Development of Algorithms for Calculating the 
Convection Coefficient, h, from the Upper Surface of a 
Roof Mounted Flat-Plate Solar Collector 
As stated in Section 1.6, the primary objective of the 
study undertaken, here was to derive a satisfactory method by 
which design values of h could be calculated. These design 
values could then be used as inputs into computational 
algorithms or empirical relationships, such as equation 1.6. 
This would then enable the total top loss coefficient, Ut, of 
the collector and hence its efficiency, n, to be evaluated. 
Any method developed to evaluate design values of h should 
satisfy the following criteria. 
It should be presented in an easily understandable 
form and should be simple to use. 
(ii) Any inputs which are required to evaluate the design 
values should be readily available or easily 
assessed. 
(iii) The calculated design values of h should lie within 
the range of experimental data from which the method 
was developed. 
Uv) The limitations, if any, of the method used should 
be noted. 
8.2.1 A discussion of the factors affecting the development of 
design algorithms for h 
In the series of full-scale experiments described in 
Chapter Four, tha convection coefficient, h, was correlated for 
each defined wind incidence sector against the wind speed, as 
measured at a height of 1.5m above the ridge line of the test 
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building, V 6R, Therefore, if the wind speed at this height was 
known, then the results of this series of experiments (see Table 
5.1) could be applied with some confidence to collectors and 
buildings of a similar geometry. 
The use of this wind speed, i. e. V 6R as an input for 
design algorithms to evaluate h fails to satisfy criteria (ii), 
as stated above, in that it is not readily available or easily 
assessed at any particular location. Also, the presentation of 
the eight equations given in Table 5.1 would render an over 
complicated method for evaluating h. 
As mentioned in Section 5.4.1, the most readily available 
wind speed statistic in the UK is the standardised meteor- 
ological 10m wind speed, V 10* This wind speed could also be 
evaluated at a given location by using a simple mast arrangement 
as shown in Figure 4.13. Therefore, the use of this wind speed, 
i. e. V10, is recommended as a design-input for algorithms for 
calculating h. 
It was shown in Section 5.3.2 that minimum values of h 
tended to occur when there was a leeward wind and maximum values 
of h generally occurred when the wind was blowing parallel to 
the ridge line of the test building. Average values of h were 
found to occur when the wind was incident directly normal to the 
collector surface. It would, therefore, be a justifiable 
simplification to derive design algorithms from the 00,1800 and 
900 wind sectors, these representing average, minimum and 
maximum exposure levels respectively. The 900 wind sector was 
chosen as opposed to the -900 wind sector as it will not be 
influenced by local flow conditions created by the small 
adjacent garage. 
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The major problem created by the choice of V 10 as a design 
input is that, in the full-scale experiments, concurrent 
measurements of h and V 10 were not made. This, as stated in 
Section 5.4.1, was due to restraints of site usage. It was, 
however, possible to derive a relationship between V 10 and the 
continually measured wind speed, V R* 
(See Section 5.4.1). 
V 6R = 0.48 V 10 + 1.17 ms- 
1 (8.1) 
(1.4 <V 6R < 7-0) 
(1.3 <V 10 < 12.0) 
By direct substitution of the above equation into those 
presented in Table 5.1 it is possible to derive relationships 
between h and V 10 for each wind sector 
(see Table 5.7). From 
Table 5.7 it can be seen that the developed equations cannot be 
applied with any confidence below V 10 = 1.3 ms- 
1. However, a 
representative value of the natural convection coefficient, i. e. 
that which occurs under absolutely still wind conditions, has 
already been derived from the relationships between h and V 6R 
(see Section 5.2-5). It can be assumed that at V 6R =0 ms- 
1, 
V 10 =V 6R* (Equation 8.1 seems to repudiate this assumption - 
however, see Section 5.4.1 for a discussion on this point. ) 
Therefore, the derived value for the natural convection 
coefficient can be applied at V 10 =0 ms 
-1 
. 
8.2.2 Design algorithms for h 
The following algorithms are suggested for the calculation 
of the convective heat transfer coefficient from the upper 
surface of a flat-plate solar collector d, ic to the wind, h. In 
all cases V10 is the 10m meteorological wind speed. 
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Natural convection 
This value is independent of wind direction 
V 
10 =0 ms- 
1, h=8.1 Wm- 2 K- 1 
(ii) Leeward flow, 1800 to the normal of the plate surface 
(minimum exposure) 
h=0.6 V 10 + 9.9 Wm- 
2 K- 1 (8.2) 
(1.3 <V 10 < 7.8 ms- 
1 
(iii) Parallel flow, 900 to the normal of the plate surface 
(maximum exposure) 
h=1.6 V 10 + 10.3 Wm-2 K- 
1 (8.3) 
(1.3 <V 10 < 10.3 ms- 
1 
Uv) Windward flow, 00 to the normal of the plate surface 
(average exposure) 
h=1.1 V 10 + 10.8 Wm- 
2 K- 1 (8.4) 
(1.3 <V 10 < 10.8 ms- 
1 
These algorithms are also illustrated in Figure 8.1. 
8.2.3 Limitations and applicability of design algorithms 
The algorithms presented in Section 8.2.2 are only 
strictly valid for the experimental conditions from which they 
were derived. However, they may be applied to other situations 
if the following points are taken into account. 
(I) Collector size and geometry 
Wind tunnel tests, e. g. Parmelee and Huebscher (19471 have 
shown that relationships between the convection coefficient and 
wind speed are dependent upon the size of the heated plate under 
test. Therefore, the algorithms are only valid for collector 
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plates of a similar magnitude, i. e. 1x 2m. The geometry of the 
collector, especially its height above the roof surface, may 
also have an effect on the heat transfer from its upper surface 
(i. e. Sparrow [1981 MI. The presented algorithms may not be 
valid for collectors which do not stand proud of the roof 
surface. 
This point is given further credence by the fact that the 
wind tunnel studies performed here show more agreement with the 
work performed on elevated, but isolated small flat-plates 
(Sparrow [1981 (b)] than with work performed on small 
flat-plates placed flush with the roof surface of a model 
building (Kind (19831). 
(II) Building size and geometry 
Wind flow patterns around a building are often affected by 
the building's size and geometry (Penwarden and Wise 119751). 
Hence the wind speed, as measured at a given location close to a 
building, may also be affected by the size and geometry of the 
building (Lee and Evans (19841). The algorithms presented in 
Section 8.2.2 were derived from relationships based on a wind 
speed which was measured at a position in close proximity to the 
test site building, i. e. V 6R* 
Therefore, the presented algorithms are only directly 
applicable to buildings which show an appreciable similarity, in 
terms of size and geometry, to the Norton test site building. 
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It will be recalled, from Section 4.1, that the Norton 
test building replicates the geometry of the standard semi- 
detached house, used by the Building Research Establishment for 
their wind pressure experiments on domestic dwellings. Whilst 
the Norton test building is somewhat smaller than the standard 
house (x 0.7 for linear dimensions) it is thought that this is 
not too great a limiting factor as regards applying the derived 
algorithms to standard housing stock. 
(III) Surrounding terrain 
The terrain surrounding the Norton test site building was 
relatively flat and uniform in all directions. However, major 
sheltering effects due to nearby buildings have been noted, in 
model work, by Kelnhofer et al [1976]. Therefore, the 
algorithms presented in Section 8.2.2 are only strictly valid 
for sites with surrounding terrain similar to the Norton site. 
If, however, there are no large nearby buildings and the 
surrounding terrain is fairly uniform, the presented algorithms 
may be expected to represent a reasonable approximation to the 
true relationship between h and V 10 for any given location. 
8.3 Recommendations for Further Areas of Research 
8.3.1 Full-scale 
The Norton site measurements yielded useful fundamental 
results in an area in which there was a lack of full-scale data. 
Experiments of this type are required to assess the validity of 
laboratory or computer derived equation for h. There are 
several areas into which full-scale experimental programs could 
be expanded. 
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M Collector position 
It is not possible for designers of solar collector 
systems to control the direction of the wind and panels must be 
placed, for greatest utilisation of solar radiation, generally, 
on a South facing roof pitch. Therefore, the only possible 
means of reducing h would be to examine the variation of 
convection coefficient from a panel placed at various positions 
on a roof pitch, under a variety of wind conditions. This may 
yield an optimum position for a collector panel on a particular 
roof slope. Wind tunnel studies (Lee and Evans (19841) have 
already shown that the wind speed over a roof pitch is dependent 
upon the position of measurement (see Section 7.3.3). 
(II) Wind speed measurements 
It has been seen throughout this thesis that the 
convection coefficient of flat surfaces has been correlated 
against a variety of wind speeds, i. e. wind speeds measured at 
various locations. It has already been suggested that the 
difference between several convection experiments may be due to 
this variety of locations. It is thought that one area of 
research which could prove beneficial would be to assess how 
wind speeds measured simultaneously at different locations on or 
adjacent to low rise dwellings are related. 
(III) Natural convection 
Whilst pure natural convection rarely occurs in the 
natural environment it can be seen from Table 5.1 that the 
non-wind speed dependent value of the regression line represents 
- 393 - 
a substantial fraction of the total heat lost at higher wind 
speeds. It would, therefore, be of interest to examine the 
natural convection coefficient from a large flat-plate placed in 
laboratory and natural environments. 
8.3.2 Model studies 
Wind tunnel model studies of convective behaviour are 
important because they offer a more easily controllable 
environment to the experimenter. However, care must be 
exercised when extrapolating wind tunnel data to full-scale 
values. This study has shown that scale effects are apparent in 
wind tunnel work. 
One further area of research is, a closer examination of 
scale effect on heat transfer studies, performed in wind tunnels 
on three dimensional bluff bodies. As stated 'in Section 8.1 the 
level of free-stream turbulence present may play an important 
role in the amount of heat lost from the plate surface by 
convection. It is, therefore, suggested that the effect of 
various levels of free-stream turbulence, on the convection 
coefficient from a three-dimensional bluff body, be examined. 
8.4 Concluding Remarks 
The full-scale measurements at the Norton site have shown 
that the convection coefficient, h, from the upper surface of a 
flat-plate solar collector is chiefly dependent upon wind speed 
and to some extent upon the direction of the prevailing wind. 
Linear relationships were found to express adequately the 
dependence of h upon wind speed. 
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It was found that even at very low wind speeds the heat 
loss from the plate was still substantial. This fact renders 
any equation used for predicting h, which does not contain a non 
wind speed dependent term, inapplicable at low wind speeds (e. g. 
Sparrow [19711). 
Wind tunnel model experiments were also performed. These 
showed some agreement with experiments previously performed in 
this area, and also some qualitative agreement with the 
full-scale convective scale work with regards to the effect of 
wind direction upon h. However, they were found to be 
inadequate as a means of predicting full-scale convective 
behaviour. 
Finally a method of deriving design values of h has been 
presented (see Section 8.2). It is suggested that this design 
method offers a readily understandable and accessible method for 
evaluating the convective heat transfer coefficient from the 
upper surface of a flat-plate solar collector under a variety of 
environmental conditions. 
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APPENDIX A 
FULL SCALE ANALYSIS 
COMPUTER PROGRAM 
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10 REM NORTON SITE ANALYSIS PROGRAMME 
20 REM P. S. CHARLESWORTH 1984 
30 REM ANNOTATED VERSION 
40 OPT10N BASE, 0 
50 CLEAR 
60 ! DIM PREDOMINACE COUNTER Z(I) AND 
ECTORS C(l) 
70 DIM Z(7) 
80 DIM C(7) 
90 SET DIRECTION SECTORS 
100 FOR 1=0 TO 4 
110 LET C(I)=45*1 
120 NEXT 1 
130 FOR 1=5 TO 7 
140 LET C(I)=-(l*(Z60-45*1)) 
150 NEXT I 
160 DIM S$1803 
170 ! PREPARE BUFFER FOR DATA INPUT 
1130 ASSlGNf- I TO "Data" 
190 PREPARE PRINTER FOR OUTPUT 
9-00 PRINTER IS 706, BO 2 
210 DISP "ENTER HEADING FOR PRINTOUT" 
220 INPUT S* 
230 PRINT S$ 
240 PRINT 
250 DISP "FIRST SCAN NUMBER, LAST SCAN 
SE" 
260 INPUT Nl, N9 
270 ! DEFINE NBR HOURS OF DATA 
280 LET N7=(N9-Nl)/12 
290 LET N7=INT(N7) 
300 DISP "PLATE POWER ?" 
310 INPUT W 
-320 DISP "START HOUR GMT" 
3zo INPUT Gl 
340 FOR V=l TO N7 
350 ! Kl IS TIME GMT 
360 LET KI=V+Gl-l 
7.70 IF K11=24 THEN V:. '. 1=0 
360 IF K1>24 THEN KI=KI-24 
390 ! SET VARIABLES TO ZERO 
400 FOR I=O TO 7 
410 LET Z(I)=O 
420 NEXT 1 
430 V1=0 @ V2=0 @ V3=0 @ V4=0 @ V5=0 @ 
@ V8=o @ V9=0 @ Vo=o 
440 Y1=0 @ Y2=0 @ Y3=0 0 Y4=0 @ Y5=0 @ 
@ YG=o @ Y9=0 
450 ! LOOP FOR HOURLY AVERAGES 
DIRECTION S 
NUMBER PLEA 
V6=0 @ V7=0 
Y6=0 Qd Y7=0 
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460 FOR I=NI+12*(V-1) TO NI+12*V-1 
470 LET ZI=2*1-1 
480 LET Z2=2*I 
490 ! READ DATA TO BUFFER 
500 READE 1, Zl ; AIAI, A2, A3, A$, SgDIB, CgNgE, F, G, H, P 
, R, Y, D, Q, Tl, T2, T39T4, T59T6, T7, TB, T99LIIL2 
510 READE 1, Z2 ; A, Al9A2, AZ, A$, LZ, L4lL5, Ul, U2, U3, U 
49U5 
520 ! MEAN PLATE TEMPERATURE 
530 LET Ml=(TI+T2+TZ+T4+T5+T6+T7+TS+T9)/9 
540 ! MEAN TEMP. INSULATION TOP 
550 LET M2=(UI+U2+U3+U4+U5)/5 
560 ! MEAN TEMP. INSULATION BOTTOM 
570 LET MZ=(Ll+L2+L3+L4+L5)/5 
590 ! PLATE TO AIR TEMP DIFF. 
590 LET M4=Ml-O 
600 ! CONDUC LOSS WM SO 
610 LET 01=. 74*(M2-M3) 
620 ! RADIATION LOSS WM SO 
630 LET 02=. 0000000, 'jlO2l*(MI+273.15)"-4 
640 ! L-+-S RAD WATT M SO IN 
650 LET 03=. 00000005669*(0+273.15)-, 4+41.8*1000*R 
660 ! SHORT WAVE WM 60 ABSOR 
670 LET-Q4=. 97*(91.56*1000*Y+6.349) 
660 IF 04<30 THEN 04=0 
690 ! LONG WAVE AB WM SO 
700 LET Q5=(Q3-Q4/. 97)*. 9 
710 ! CONV WM SO 
720 LET Q6=W/(. 89*1.81)+Q4+Q5-Ql-Q2 
730 ! HEAT TRANS COEFFIC 
740 LET HI=06/(Ml-0) 
750 LET H2=(02-05)/M4 
760 ! WIND SPEED 
770 LET SI=S*4.83 
780 ! DIRECTION 
790 IF D>O THEN DI=45*D ELSE DI=360+45*D 
800 LET Dl=DI+25 
810 ! PUT DIRECTION IN SECTOR 
620 IF D1>360 THEN DI=DI-360 
630 IF Dl<=22.5 OR DI>337.5 THEN Z(O)=Z(O)+l 
640 IF Dl<=67.5 AND D1>22.5 THEN Z(I)=Z(1)+l 
850 IF Dt<=112.5 AND D1>67.5 THEN Z(2)=Z(2)+l 
860 IF Dl<=157.5 AND D1>112.5 THEN Z(Z)=Z(Z)+l 
870 IF Dl<=202.5 AND DI'l. 157.5 THEN Z(4)=7(4)+l 
Sao IF Dl<=247.5 AND D1>202.5 THEN Z(5)=Z(5)+l 
890 IF Dl<=292.5 AND D1>247.5 THEN Z(6)=Z(6)+l 
900 IF Dl<=337.5 AND D1>292.5 THEN Z(7)=Z(7)+l 
910 ! SUM INDIVIDUAL VALUES 
920 LET M4=Ml-O 
930 LET VO=VO+Sl 
940 LET VI=VI+Dl 
950 LET V2=V2+Hl 
960 LET V9=V9+04 
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970 
980 
990 
1000 
1010 
1020 
103C) 
10 40 
105c, 
106() 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1160 
1190 
1200 
1210 
1220 
12: 7.0 
LET Yl=YI+Ql 
LET Y2=Y2+Q5 
LET Y3=YZ+M4 
LET Y4=Y4+0 
LET Y9=Y9+H2 
NEXT I 
! LOCATE PROMINANT DIRECTION 
LET V3=Z(O) 
LET V4=C(O) 
FOR 1=0 TO 7 
IF Z(I)>VZ THEN V4=C(l) 
IF Z (I) >V3 THEN V3=Z (1) 
NEXT I 
! FIND MEAN HOURLY VALUES 
LET Sl=V0/12 
LET Hl=V2/12 
LET H2=Y9/12 
LET 04=V9/12/. 97 
IF 04<30.9 THEN 04=0 
LET 01=YI/12 
LET 05=Y2/12/. 9 
LET M4=Y7, /l'. ' 
LET O=Y4/12 
LET M5=273.15+(M4+2*0)/2 
! PRINT HOURLY AVERAGES 
PRINT @ PRINT @ PRINT @ PRINT @ PRINT 
PRINT 
II 
1240 PRINT 
1250 PRINT USING 1400 ; "TIME ", "WIND ", "PREDOM-111 
" INC. "I" AIR 11 ," LONG ", " SHORT " 
1260 PRINT USING 1400 ; "HOUR "j"SPEED", "INANCE 11, 
of at ANG. TEMP. ", " WAVE WAVE 
1270 PRINT USING 1400 ; "(GMT)", "(M/S)--, -l % Is 
(DEG. )", " (DEG. C) ", " (W/ M`-2) ", " (W/ M^2) " 
1260 PRINT USING 1410 ; Kl, Sl, V3/12*1()O, V4,0, Q5, Q4 
1290 PRINT 
1300 PRINT USING 1420 ; "HEAT TRANSFER COEFFICIENT 
S ", "PLATE-AIR ", "CONDUCTION" 
1310 PRINT USING 1420 ;" (W / M^2 / DEG. C) 
", "TEMP. DIFF. ", " LOSSSES '' 
1320 PRINT USING 1430 ; "CONVECTIVE", "RADIATIVE", '' 
(DEG. C) ", "WATTS " 
1330 PRINT USING 1440 ; HI, H2, M4,01 
1340 PRINT 
1350 PRINT 
1360 PRINT 
1370 NEXT V 
1380 ! GOTO NEXT HOUR 
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13.85 ! CLEAR BUFFER 
1390 ASSIGNE I TO * 
1395 ! FORMAT OUTPUT 
1400 IMAGE 7X, 5A, 4X, 5A, 3X, 7A, ZX, 6A, 4X, 7A, 4X, 7A94X, 
7A 
1410 IMAGE SX, DD16X, DD. D, 7X, DD, 5X, DDDD, 7X, DD. D, BX, 
DDD, BX, DDD 
1420 IMAGE 7X, 27A, 5X, IOA, IOX, 10A 
1430 IMAGE SX, IOA, 4X, 9A, BX, 9A, IZX, 6A 
1440 IMAGE IOX, DD. D, IOX, DD. D, 13X, DD. D, 16X, DD. D 
1450 END 
1460 ! END OF PROGRAMME 
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